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PKEFACE. 



^^ALVE goiir niuchanisms have fascinated successive generations of 
mgineei-s, and, if the truth were known, there are few mechanical 
ciigiiiec'i-s who have not at some time or other tried to invent a new 
gtar. In consec|uence, the number of valve gears described in the 
Patent Otticc Specifications, and indeed the number of different types 
which have been jictually made, is exceedingly great. My object is not 
to iiiuuRTatr these, nor even to enumerate all the types which are in 
.utual work at the present time, but rather to select a few typical gears, 
Will tried, and to some extent representing the survival of the fittest 
typ<'s, and to I'xamine them thoroughly and by methods which may 
gonemlly be applied to all kinds of gear similar to those chosen. 

The scope of this volume is limited t*^ an examination of types of 
thubi' geai-s in which there is one, and only one, position of the valve for 
a given position of the cnink. In other words, the position of the valve 
is a function of a single variable only, namely the crank angle. A few 
gi'ai*s are however described incidentally in which a governor is included 
in the mechanism operating the valve. In this case there is more than 
one position of the valve for a given position of the crank. The valve 
lx>sition is, in fact, a function of two variables, namely the crank angle 
and the time, and the valve position cannot be set out on a drawing 
from kinematic considerations alone. The proper examination of gears 
of this kind rec|uin\s a study of the d)mamics of governors, and this is 
not included in the present volume. 

The matter is arranged so that those who i)refer the graphical to 
the analytical method may obtain all the usefid technical infonnation 
regarding the geai-s examined without reading the analytical articles, 
and so that students of technical colleges nuiy bt^gin the study of the 
subject in their first year, continuing with the later portions of the book 
in their second and thiixl years. With this purpose in view the first 
five chaptei-s include the descriptive matter relating to valves and the 
discussion of the distribution of steam effected by the simple eccentric 
gear, the problems in connection therewith being treated by drawing- 
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board methods alone. Chapter VI covers the same ground as Chapters 
III, IV and V, but the trigonometrical method is substituted for the 
geometrical method used up to that point. Chapter VI is, in fiwjt, an 
analytical summary of the previous chapters, and a study of it will show 
that there are plenty of useful trigonometrical exercises of an interesting 
kind to be obtained from valve gear mechanisms. 

Chapters VII and VIII are devoted mainly to the subject of 
reversing ge^irs, and in these the preceding sequence of method is 
applied to ejich valve gear mechanism illustnited. That is to say, the 
properties of the gear are first investigated by drawing-board methods 
alone, and then the gear is subjected to an analytical examination frooi 
which rules are formulated by meiins of which the distribution of stcaiu 
the gear can effect may be found approximately without the labour of 
drawing the actual displacement curves. In the analytical }Njrtions of 
these two chapter my indebtedness to Zeuner's classical work on Valve 
Geara, and to Rankine's work Machinery and Millwork will be upptirent 

Chapter IX is devoted principally to the exemplification of certain 
dynamical problems which arise in connection with high speed valve 
gears. Tht? method used in the investigation of the acceleration of 
the parts of the gear is that communicated to the Royal Society of 
Edinburgh in 1885 by Professor R. H. Smith, and further illustrated 
in Graphics by the sjime author. The gear selected for detailed 
examination is the standard Joy gear of the Lancashire and Yorkshire 
Railway Compmy. Eiich link of a particular gear was made the 
subject of experiment at the Horwich Locomotive Works in order that 
its dynamical peculiarities might be ascertained, and the results of 
these oscillation experiments are stated in Table 12, p. 303. Without 
the co-operation of Mr Aspinall it would have been imj^ssible to 
present such a complete pmctical example. There are various other 
examples in the Chapter relating to dynamical problems in coimection 
with the design of connecting and eccentric rods. This Chapter may 
be considered from two aspects — first, from the purely technical aspect 
in connection with the design of high speed valve gears ; secondly, from 
the educational aspect, because all the principal theorems regarding 
the motion of a rigid body in a plane are involved in the working out 
of the technical problem discussed, and since these principles have a 
general application to mechanisms a student of the Dynamics of 
Machines may study this Chapter with lul vantage without necessiirily 
acquiring a detailed knowledge of the previous chapti»rs. 

Although the representjition of the valve dispbicement bi 
series may not have an immediate application «»* ^^'^ <lesig 
gear, yet the method is exemplified in the l be 
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increasing use which is being made by engineers of this powerful and 
searching method of analysis. Comparatively recently there was 
published in the Bxdletin de la Sociiti Internationale des Electiiciens 
(Nov. 1901, Tome 1, 2de s6rie) the Fourier series corresponding to 
the crank effort curves of 28 engines, each series being carried to 
9 terms. The method is of enormous value in dealing with electrical 
problems. A brief discussion of the principles on which the Fourier 
method is based is associated with the examples to which the method 
is applied for the benefit of those who may not have the time to study 
the mathematical works devoted to the subject. 

The valve diagram used throughout the book is the rectangular 
form, generally known as the Osborne Reynolds diagram. This diagram 
has many advantages, one of them being that a displacement curve is 
the graph of the equation representing it in rectangular coordinates, so 
that the change from analysis to the diagram or mce vei^sa may easily 
be made at any time. 

It is important to notice that all the valve diagrams in the book 
are drawn to represent the motion of the valve as it would appear to 
an observer looking at the engine from a position where the cylinder is 
seen to the left of the crank shaft. And further that what is called 
the zero crank position is that position of the crank in the line of 
stroke where the crank is seen to the right of the crank shaft. The 
positive direction of rotation from the position of the observer appears 
to be counter-clockwise. 

If any valve diagram be given a quarter turn in the clockwise 
direction, the displacement curves will represent the movement of the 
valve in a marine engine. 

I am indebted to Mr J. A. F. Aspinall of the Lancashire and York- 
shire Railway for the drawings of the Joy gear and for other data ; to 
M. Bosquet for the drawings of the Walschaert gear of the Northern 
of France engines ; to Mr Churchward for the drawings of the steam 
controlling gear used on the Great Western Railway ; to Mr Holden 
for the drawings of the Great Eastern Railway link motion, and of the 
combined hand and power controlling gear; to Mr Malcolm for the 
drawings of the Walschaert gear used on the Belfast and County Down 
Railway ; to Mr Sulzer for drawings of the Sulzer gear ; to Mr F. W. 
Webb for the drawings of the Allan gear used on the London and 
North Western Railway; to Mr Humphry for the drawings of the 
marine type of link motion and slide valve; to Mr Yarrow for the 
drawings of the all-round type of controlling gear, and to many other 
English and American friends and firms for drawings and information, 
acknowledgements of which are made in the text. 



vi Preface 

Nearly all the valves illustrated and described can be seen 
sectional models, and the valve gears as working mcxlels, in the unii 
collection of engineering apparatus which forms the Machinery Seel 
of the Victoria and Albert Museum, South Kensington. This coUecl 
is the finest of its kind in the world. The models, which can be 
in motion, are supplied with compressed air and can be started 
will by the visitor. The mcxlels are usually small scale reproducti 
of iictual engines and nuichinery, and consequently show the detail 
construction used in practice. It is impossible to place too high 
estimate on the educational value of this fascinating and mag^fic 
collection. 

I am specially indebted to Mr Wood-Smith, and to Mr Goodi 
formerly students at the City and Guilds Technical College, Finsbi 
for help in the reducti^m of the working drawings to suitable illustrati 
and in the drawing of the valve diagi-ams. 

My grateful acknowledgements are also due to Mr C. Q. Lamb 
carefully and critically reading the proofs. 

There are a considerable number of fully worked examples k 
tributed through the book, and I shall be grateful for notice of en 
which remain uncorrected. 

W. E. D. 



(Central Technical CoLLE(fE, 
Dec^imber 1905. 
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CHAPTER I. 

THE CYCLE OF OPERATIONS. 

1. Definition of a valve gear. The commonest way of utilizing 
d fluid ])r(\ssure for the performance of work is to arrange for it to act 
on a piston enclosed in a cylinder, the to and fit) motion of the piston 
l>eing maintained by the properly timed entry and exit of the fluid. 

Tho valves which are used to regulate this entry and exit are 
of many forms and are arranged in many ways, but whatever the form 
and however they are arranged the duty is the same, namely to admit, 
cut oft', and release the fluid from the cylinder at the proper instants. 

A valve gear may be defined as a mechanism, operated by the 
engine itself, whereby the valves regulating the entry and exit of fluid 
to and from the cylinder are opened and closed. 

The valve gears considered in this volume are those used in 
connection with steam engines. 

2. Dead points of piston. Stroke. Since all points in a piston 
move at the same speed in parallel lines, the motion of the piston 
as a whole may be defined by the motion of any one of its points. The 
cont(»xt will always indicate which point is chosen. 

The ])oints at the ends of the cylinder where the piston changes its 
<lin'ction of motion are commonly called dead points. At these points 
the piston is momentarily at rest. The stroke of a piston is the 
distance Ix^tween its dead points. 

3. The cycle of events in the steam distribution. An event 

of a stroke is the opening or closing of a valve controlling the entry 
or exit of steam. 

D. V. 1 




he pbt<»ti. Xo methfxi is indicated of working these valveSj but it is 
be iiiid**rstood that they can be o]x^ned and closed from outside at 
e right inst&tits by appropriate mechanism. Fig. 2, below Fig. 1, is 
m diagTBiQ in which pressure is plotted vertically against the volume 
licirijsontally^ the volume scnle being such that the distance between the 
dead points t>f the cylinder represents the volume displaced by the 
piirtcm during a stroke, 

H 1st event* Admlsslan. Suppose the piston to be moving 
^ui^v&r^ the left dea*! centre. The steam valve S is opened for the 
^ndmiasion of steam at the piston position marked 1, just before the 
pjstoEi reaches the left dead centre, the incoming steam thus meeting 
And opposing the motion af the piston from the point 1 until it arrives 
nt iU d«^Jid j><iirit. By the timt* the* piston arrives at its deatl [joint the 
irbole sjiacA* between it and the steam valve should be filled with steam 
at the steam pipe pressure, its state as regjirds volume and pressure 
hiding indic^it*?d by the cnvss at B, Fig. 2. 

Slnd event. Cut off. The piston, urged by the steam pressure, 

now move^ towards the right-hand dead point, the valve S still being 

inm. The steam pipe should be made large enough to allow 

lit steam to enter the cylinder to maintain the 2>resBUre fairly 

coastaiit as the volume is increased by the motion of the piston. At a 

certain point 2 the valve S is closed and the supply of steam cut oflt 

Thi* state of the steam as regards pressure and volume at this point is 

own by point 2 in the piessure- volume diagram, assuming the ste^m 

to be large enough to admit sufiicient steam to maintain the 

ire constant as the volume is increased by the motion of the 

piston. From this point onwards the steam increase's in volume as the 

piston moves towards its right-hand dead point and the pressure falls, 

iigh the weight of the steam in the cylinder remains constant 

ding 

1. That none leaks away through the exhaust valve E ; 

2, That none leaks by the piston : 
3* That no fresh steam leaks in through the valve S, 

pressure falls according to laws complicated by the fact that 
iJthoygh no steam may leak away yet some of the heat it carries may, 
thuM prf»ducing condensation, so that in general the mixture in the 
cylinder is a mixture of steam and condensed water. 

3rd event. Release. At the point 3, just before the piston 

rtMiches the right dead centre, the eschaust valve E is opened and the 

is released, esc^iping either to the atmosphere or to the condenser 

rding as the engine is of the non-condensing or condensing type. 

1—2 
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The state of the steam as regards volume and pressure is shown by the 
point 3, Fig. 2. The pressure rapidly falls to the pressure in the ex- 
haust pipe, and the release point should be arranged so that the pressure 
just about falls to this when the piston arrives at the dead point. 

4th event. Compretsion. During the greater part of the return 
stroke, the valve E is held open, and a definite weight of steam escapes 
fi"om the cylinder and the piston moves back against whatever pressure 
there may be in the cylinder. At a certain point 4, the valve JE 
is closed and a definite weight of steam is shut in the cylinder. As the 
piston continues its motion beyond the point 4 towards the left dead 
point, the pressure of the steam gradually rises, until at 1, where 
the steam valve is opened, fresh steam is admitted and the steam 
pressure rises to the pressure in the steam pipe. 

Thus in a cycle there are four events dividing the operations into 
four stages. The four stages may be summarised thus : — 

Admission stage. During the interval between admission and 
cut ofiF, E is closed and S is open, and fresh steam is pouring into 
the cylinder. 

Expansion stage. During the interval between cut off and release 
both 8 and E are closed, a definite weight of steam is shut in the 
cylinder, and as the volume increases the pressure falls according to the 
approximate law PF=a constant. 

Release stage. During the interval between release and com- 
pression, 8 is shut and E is open, and the steam is pushed out of the 
cylinder by the returning piston, the exhaust passages and pipe being 
large enough to prevent the steam increasing sensibly in pressure. 

Compression stage. During the interval between compression 

and admission both 8 and E are closed, a definite quantity of steam 
is shut in the cylinder, and as the volume decreases as the piston 
approaches the dead point, the pressure rises approximately according 
to the law PF=a constant. The different positions of the piston 
for the four events are indicated by dotted lines, the arrows indicating 
the direction of motion. 

The cycle may conveniently be considered to begin when the piston 
is at a dead point with the full steam pressure acting on it. 

4. Nett work done by the steam during a cycle. The motion 
of the piston from the left dead point to the right is maintained by the 
action of the steam pressure, and the work done is represented by the 
area AB23CD in Fig. 2. The motion of the piston during the return 
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stroke fipom the right to the left dead point must be maintained 
against the pressure of the steam in the cylinder; consequently work 
must be done upon the piston to the extent represented by the area 
DCilBA^ Fig. 2. The work required for the return stroke may be 
drawn from 

1. The kinetic energy stored in the flywheel and the other moving 

parts of the engine ; 

2. From the potential energy of weights raised during the out- 

stroke ; 

3. From other cylinders driving the piston through the crank shaft ; 

4. From steam pressure acting on the right-hand face of the piston. 

The fourth case is the almost universal arrangement in the present 
day. The second case was usual in the early pumping engines. The 
first case is used almost universally in gas engines, and the third case 
finds many illustrations in modem high speed engines of the Willans' 
type. Whichever method be used, the nett work done by the steam on 
the piston, against all external resistances on the right-hand side of it, 
during the complete cycle of events is represented by the difference 
between the areas above mentioned, that is by the shaded area, Fig. 2. 

5. Single- and double-acting engines. An engine arranged to 
work as indicated in Fig. 2 is called a single-acting steam engine. In 
these engines, as just stated, there is always the peculiarity that the 
return stroke must be provided for by means external to the cylinder 
under consideration. 

If a duplicate set of valves are arranged at the right-hand side 
of the cylinder, as shown by the dotted lines in Fig. 1, so that the steam 
panes through the cycle of events described in Art. 3, in the chamber 
formed by the right-hand part of the cylinder and the right-hand 
piston fisu», the engine is termed double-acting. This second cycle is 
shown by dotted lines in Fig. 2. 

6. Inttroke and outstroke cyclei. It is necessary to distinguish 
between the two cycles of a double-acting engine very clearly when 
considering the valve gear, and this is conveniently done by naming 
them the outstroke and instroke eyelet respectively. The outstroke 
cycle is that one of the two which begins when the piston is on the 
dead point farthest from the crosshead. The instrokc cycle begins on 
the dead centre nearest the crosshead. In the former case the steam 
pressure is moving the piston rod out, in the second case it is moving 
it in. 
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In this way the two cycles may be defined without ambiguity for all 
positions of the cylinder. Thus if the cylinder be placed vertical, the 
dead points are distinguished by calling them the top or bottom dead 
point, but whether the crank shaft is above or below the cylinder there 
is no confusion regarding the cycles. For an engine with a crank and 
connecting rod a more general way to distinguish between the two 
cycles is by naming them with the value of the crank angle d at which 
they respectively begin. They would then be referred to as the cycle 
beginning when ^ = degree, or the cycle when ^ = 180 degrees, or more 
briefly the degree cycle and the 180 degree cycle respectively. 

7. Bpecification of a cycle. An event of the cycle, though 
primarily determined by a valve, is usually fixed by stating the 
percentage position of the piston in its stroke at which the event takes 
place. A percentage scale is drawn on the diagram Fig. 1, placed 
so that its ends correspond with the dead points of the stroke. From 
this it will be seen that the four events specifying the cycle indicated 
in Fig. 2 may be fixed as follows : — 

Admission takes place at 98 per cent, of the return stroke ; 

Cut off takes place at 25 per cent, of the stroke ; 

Release takes place at 85 per cent, of the stroke ; 

Compression takes place at 69 per cent, of the return stroke. 

This specification refers of course to only one of the two cycles in a 
double-acting engine. The other cycle may have the Siime specification 
or it may be differently specified to satisfy some condition of the design. 
It is to be observed that the position of the piston is stated with 
reference to one dead point for cut off and release, imd the other 
dead point for compression and admission. 



CHAPTER 11. 

ON STEAM DISTRIBUTING VALVES. 

8. Cleneral remarks. In the early days of the steam engine 
the entry and exit of steam to the cylinder were controlled by separate 
valves. In double-acting engines these were duplicated so that there 
were four separate valves to be operated in order to control the two 
cycles. 

Murdoch patented the "long D" slide valve in 1799, a valve which 
combined the duties of the four separate valves of a double-acting 
engine. By giving the valve a to and fro motion across suitably formed 
ports in the cylinder, the eight events of the two cycles were con- 
trolled by a single valve. 

In 1802 Matthew Murray patented the "short D" slide vjilve, a 
valve which was the same in all essential particulars as the ordinary 
slide valve in use to-day. 

Both the long and the short D valve are described below, the short 
D valve in the form in which it is used now in Art. 14, and the long D 
valve as Murdoch described it in his specification in Art. 20. 

Though historically second, it will be convenient to describe the 
ordinary slide valve before describing Murdoch's valve. 

After reading the articles devoted to slide valves and their modi- 
fications, a consideration of Murdoch's valve will show how little any 
of the modem valves differ in essential particulars from Murdoch's 
original design. The long D valve permits the design of short straight 
steam ways into the cylinder ; it is balanced and it is almost a piston 
\'alve. 

About 60 years ago there was a return to the four separate valves 
of the early days of Watt, and to-day there are several types of engines 
working with " drop valves," the Sulzer engine being a pioneer type. 

Four valves of the rocking type were used in connection with the 
celebrated Corliss engine, patented in America in 1851, an engine 
which has been developed in this country by Messrs Hick Hargreaves 
and Co. of Bolton in connection with the Si)oncor Inglis patents of 
1863 and 1865. 
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Thus there are in use to-day three typical kinds of valves for regu- 
lating the exit and entry of steam into the cylinder. 

1. Lift or '* drop " valves, or those which open by lifting. 

2. Slide valves, or those which slide across openings or ports. 

3. Rocking valves, or those which open by turning instead of by 
sliding across openings or ports and yet have all the essential character- 
istics of a slide valve. 

A somewhat detailed description of these different kinds of valves 
will now be given. 

9. Lilt valves. The commonest kind of lift valv^ is that shown 
in Fig. 3, and known generally a« a mushroom or mitre valve. When 
the valve is closed the conical part of the valve rests on a seating 
similarly coned. To ensure tightness the actual surface of contact 
between the valve and the seating, that is the space between the chain 
dotted lines Ay B, should be narrow, and the upper part of the conical 
surface of the valve may be backed off with advantage as shown in 
the figure. The valve is guided to its seating by easily fitting wings, 
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Ibe sleam pijK? in which the valve is placed or which the valve is 
required to supply, Pi^actically, tnore lift than this Bhould be given, 
odiffrwiae the steam will dmp in pressure duriDg its passage through 
the valve, by an amount depending upon its velocity. 

This tj^ of valve is quite unsnitab5e for use as a distributing valve 
ia a ^tc^am engine because the force requireil to lift it against the 
fteftm pressures becomes impracticably large ^ the diameter of the 
fmlve and the magnitude of the steam pressure increase. For example, 
to lift an eight inch valve, which is about 50 square inches area, against 
« pne^nre of 200 lbs. per square inch requires a force of 10,000 lbs. weight. 

10. Double beat or equilibriuin valve. This difficulty existed 
even with the moderate steam pressures used a century ago, and to 
mrmount it Hornblower invented what is essentially an equilibrium 
imlve about the year 1800. The arrangement is shown in Fig. 4, 
from which it will be seen that the valve is cylindrical in fonn and is 
provided with two seatings, one at A and the other at B. To lift the 
vilve against a pressure p in the pipe S requires a force equal to the 
imxluct of /J and the difference of areas corresponding to the diameters, 

Horn BLOWER Talves. 

ffl 



Fig. 4, Fig. S. 

D and d, of the valve settings. Thera seemed to be difficulty in 
keeping the seats A and B simultaneously tight, because Tredgold 
deacribe^s what he calls an '* Improved Hornblower Valve " where the 
upfft-r seat B is replaced by piston packing as shown in Fig. 5. In 
this case the valve is lifleil against a force measured by the product 
of the pressure in the pipe and the di6ference of areas coiTesponding to 
the ftjjl hoi-e uf the pi|)e I> and the inner diameter of the valve rf. In 
both tyi^s of Hornblower s valve steam passed through the lower seat 
ity^ so that the capacity to transmit steam was only the same m that 
mitre valve of equal diameter. A modem form of double beat 
is »htiwn in Fig, 6 in place at one end of an engine cylinder, 
lovided with two seatings, A and £, arranged ao that the steam 
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Fig. 6. Double Bkat ok Equilibrium Valve. 
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has a clear passage through both when the valve is lifted. When 
dosed the steam pressure acts on the difference of areas corresponding 
to the diameters d and D, that is an area equal to the projected area of 
the two Beatings of the valve on a plane at right angles to the direction 
of lift. 

The diameters d and D in the case of the valve shown in Fig. 6 
are respectively 7*5 and 8*2 inches, corresponding to a difference of 
area, 8*6 square inches. The pressure against which this valve has to 
be lifted is thus 8*6 multiplied by the pressure in the steam pipe. 

For a given lift the opening to steam is equal to that obtained by 
two valves each 7*86 inches in diameter. 

The method of fitting the valve should be noted. The two valve 
seatings are formed in a casting which fits into two deep conical seats 
E, F. The cover to this carries the stuffing box for the valve spindle. 
The studs for holding the cover down are fixed into the main body of 
the cylinder casting, so that when the nuts are screwed down the joint 
is made at the cover and the casting in which the valve seatings are 
ibirmed is held down on its conical seats. 

11. Four-seated valve. Fig. 7 shows a valve provided with four 
seatings. Here a large opening is obtained for a relatively small lift 
and the exertion of a relatively small force. The area acted upon by 
the steam pressure in this case is the projected area of the four-valve 
seatings. This valve and the valve shown in Fig. 6 are examples from 
a Sulzer engine, the details of which were kindly supplied by Messrs 
Sulzer Brothers, Winterthur, Switzerland. 

12. Dashpot and spring. When valves of the double beat 
kind are used for the admission or exhaust valves of a steam engine 
they are usually operated by trip gear. That is to say, the valve is 
lifted off its seat and held open by means of a lever engaging with 
the spindle, and at the proper instant for closing, the lever is released 
and the valve is free to drop on to its seat. Thus, in Fig. 7 the 
rod R, operated by the engine mechanism, in conjunction with the 
catch or trigger T, engaging the lever A, is able to lift the valve 
off its seat. At the proper instant the governor mechanism acting 
through the rod Q turns the trigger about the common pin P and the 
valve is free to drop. But when a valve of the kind under consideration 
is lifted off its seat it is in equilibrium as reganis the steam pressures 
and special means must be taken to close it. Usually the valve 
is loaded with a spring, and to prevent the spring hammering the 
valve into its seat it is combined with a dashpot, so that the joint 
effect of the two is to urge the valve gently back into its seatings 
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without Hhoclc or hammering. The Sulzer oombmed qving and < 
|Kit JH Hhown in connection with the fourHseated valve. Fig. 7. 
viilv<) Hpindio i8 prolonged upwards and terminates in a piston. D 
tho tipwanl motion of the valve and piston the spring isoompressei 
liir Ih drawn in underneath the piston. When the valve is free 
thit trip g<!ar, the spring as it closes the valve must at the same 




Fig. 7. Four-Seated Valve. 
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the air out from beneath the piston, and by suitably throttling the 
. of the air tho vah^e may bia pressed into its seatings almost without 
kiofiiiid. 

13, Bfiect of heat on double beat valvei. It requires nice 
rk Uy make a double beat valve properly. The difficulties lie in the 
that two rigidly connected valves have to be made steam tight 
Qtiltaiieously. It ia an easy matter to grind one valve into ita seat 
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Fig, 8, CoLMANi* Yalvk, 

make a good job of it but to get two seats just right requires 

' <:i>iiiddemble skilh Another difficulty in connection with double beat 

vftlves is that when they get heated to the temperature of the steam 

oi which they work, the small differences in expansion between the 

■mlvee and seatings which inevitably occur make them leak although 

^phey may be perfectly tight when cold. In the best practice double 

Hpefti steam valves are finally ground into the seatings at the tempera- 

tune of the steam in which they are intended to work. G^hnann^ 

leAVOured to get over the diflBeulty of unequal expansion by taking 
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.•ulxjiiitac** »»f the tact that if a cone exi^nds under the action o 
hoeii thi' angli' of the cune remain^5 constant. A Colniann valve i 
shown III Ki>j. S. It will be seen that the cones forming the two seati 
[i;i\e a roiiinioii ajH^x. I'mlor the action of heat the seatings are supposec 
111 iiirn-afu^ sligiitly in diameter and to move pn»j>ortionally farther aptin 
NO (hat I lie cone an>rlf remains constant. Assuming the valves U 
iniMi'iise a little \\\ov\} in diameter than the seatings the respc^ctive ring* 
of i-4»ulmM with I lie seatings will iiu»ve a little farther apart than tht 
Mwitiii>;N liuMuselves. Hnt inasmuch as the cone angle is constant tht 
nii^iH of original contact on the valve will find a new surface of contact 
(III I hi- \al\e seatings. The iM)int P may be taken in any position 
alon^ tin- axis. When it is in the plane of either seat, that pirticular 
ti'iil. beionirs horizontal. If the seats are jwirts of spherical surfaces 
li»i\Mi>; a roinmon centre /*. tlie valw will have additional freedom to 
lu'i-oiiihiodale ilself to I'hauges produced by change of tenipeniture. 
'rhr.nr \al\eN will leak of coui-se if the valve or seatings distort from 
(he linl> cMvuliir l'«>ini timing exjKUision. 

14. Th» slid© vnlve. Oeneral description. The general shape 

.md aiiaiigemrnl of a ^lidi' valve ami tiie steam ports across which it 

woiki air mIiowii in Kig. JV The two steam passigesN,. S. connecting the 

«\liudei with the steam chest are in the shajn* of flattened tubes fonned 

J\ ilie r\lMider wall ilsi'lf Their openings into the steam chest are 

x^vuv*! Hil*» narrow slils aiul wvv brougiit close tt>gether. Lying between 

N\xx' %'iH'ning'H is a wider slit whieh fonns the entry to the passjige E, 

^»\.n< I he ?*tcam awav frmn the cylinder to the condenser, the 

^ ,;j^.i,i, i»r to another cvlinder in the case of coin]M>und engines. 

»*,x \!\auNl |»its.Hii>;e must be leil away s«) that it clears the steam 

.^ ii IS Nhi»wn curving roiiinl the cvlinder wall in the fimire. 

u i*iox*« Mvtion at A',. The three entrances ti> these passages, 

.X ;> ih*'^ Ji»'^* called, are lormed into long narrow slits lying 

.,.u; \\\ older tiial tiie valve which moves across them may 

'.^ iirteieiit events of the two cych's by a relatively small to 

v,...N*eu .u'losN the jHU-ts, because the sliding of the valve has 

v^vtinM the frictional resistance* ])roduced by the steam 

i^ -a .UN \wV, 

.. ^ .^ ^_N^ r is slu»wn lifti'tl vertically ot^' its seat, and from the 

V 'a;u:e M\ idea of its shape can be obtained. It may be 

>, xu w. ^fc ^*^'^ ^i** ^^'^ '* '^ *1'^^ >*""■ ^^ rectangular frame B, 

, .: ;^ xpmdle Z>, tbnning what is called the valve buckle, 

.^ ,..e. md the twt» aix' jilaceil in the steam chest C, 

. ._ »'. which may be removed for this purpose. The 

. .7 s«ixi\ideil to enable the ports to be machined, 
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The valve is pressed upon its seat by the steam pressure acting 
upon it and hence wear is taken up automatically. The valve must be 
a loose fit in the buckle in order to allow this action to take place, 
especially having regard to the fact that gun-metal, of which the valve 
is usually made, expands at a greater rate under the action of heat 
than the material of the buckle. There are other ways of connecting 
the valve spindle to the valve. The method illustrated is used in 
locomotive practice. 

To understand the action of the vieJve, the section of it shown in 
Fig. 10 should be re-drawn on a separate piece of paper or card in order 
that it may be moved to the right or left of the central position shown 
in the figure. If this be done, it will be observed that a sufficient 
movement of the valve to the right of the central position will put the 
left steam passage in communication with the steam chest, whilst at 
the same time the right steam passage is put in communication with 
the exhaust passage. A movement to the left will so reverse these 
connections that the right passage is in communication with the steam 
chest and the left with the exhaust pipe. 

16. Steam and exhaust laps. To study this action more 
particularly the following definitions must be understood. 

Place the valve. Fig. 10, in its central position over the steam ports, 
then, considering the right edge of the valve, which determines the 
events of the instroke cycle : — 

The amount by which the valve overlaps the steam port on 
the admission side is called the steam lap. It is marked L in 
the figure. 

The amount by which the valve overlaps the steam port on 
the exhaust side is called the exhaust lap. It is marked I on 
the drawing. 
The dimensions Z, and Z, are respectively the steam and exhaust 
laps for the outstroke cycle. 

For the present we may assume that the steam laps are equal and 
that the exhaust laps are equal for the two cycles. 

Sometimes the steam lap is called the outside lap, because steam is 
generally admitted on the outside of the slide valve, though this is not 
universally the case. Similarly the exhaust lap is calknl the inside lap. In 
order to avoid possible confusion it is better to define the terms as above. 
The width of the opening of the port for the admission of steam is 
given by the distance of the valve from the central position ininus 
the steam lap. 

The width corresponding to a dead point position of the piston is 
called the lead. 
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The width of the opening of the port for the exit of steam from the 
cylizuler is given by the distance of the valve from the central position 
minus the exhaust lap. 

16. Ifegative lap. When the valve is placed in its central 
poeition there may be no overlap, either on the steam or exhaust side of 
the port, in which case, of course, the valve has neither steam nor exhaust 
lap. Further, the valve may not even close the ports in its central 
poeition, so that there will be a small width of port standing open either 
on the exhaust or the steam side. In this case : — 

The width of the port opening on the steam side is called 
the negative steam lap. 

The width of the port opening on the exhaust side is called 
the negative exhaust lap. 
The negative lap must be added to the distance of the valve from 
its central position to find either the opening for steam or exhaust. 
N^ative steam lap is rarely used but negative exhaust lap is more 
common. For instance it is not unusually employed in express passenger 
engines in order to prolong the period between release and compression 
at high speeds. 

17. Critical positions. Bearing in mind the definitions just 
given, and stud}ring the movement with the aid of a valve drawn on a 
pece of card, the following statements may easily be verified. Consider 
the instroke cycle. 

(1) Admission of steam takes place when the valve is at a 
distance from its central position equal to the steam lap 
and the distance is increasing. 

(2) Cut off takes place when the valve is at a distance from its 
central position equal to the steam lap and the disttmce 
is diminishing. 

(3) Release takes place when the valve is at a distance from its 
central position equal to the exhaust lap and the distance 
is increasing. 

(4) Compression takes place when the valve is at a distance 
from its central ijosition equal to the exhaust lap and the 
distance is decreasing. 

Thus the two events of admission and cut off are determined by 
the steam lap, and each begins when the valve is at the siime distiince 
from its central position. Whether the j)()sition is that corresponding 
to admission or cut oflF depends upon the direction in which the valve 
18 moving at the instant. 

D. ▼. 2 
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Similarly the event* of release and compression are determined by 
the exhaust lap and each event begins when the valve is at the same 
distance from its central position, the position fixing the event of 
release or compression according to the direction of motion of the valve. 

These two positions may therefore be appropriately called the 
critical positions of the slide valve. 

18. Inside steam admlMion. The slide valve can effect the 
distribution equally well if steam is admitted on the inside edge and 
released at the outside edge. In this case the pipe E would be 
connecteii with the Knler and ^^ would bec»>me the exhaust pipe. 
Fig. iV and the steam lap wi>uW be addt^l :o the inside of the valve 
and the exhaust lap to the outside. The steam pressure in this 
arrangement would uv^v aot to lift the valve off its seat, and there- 
fore prv>vision must U» made. a|v\rt from the steam pressure, to keep 
it down on the jK^rts. Inside admissi'm is m«>rv:- ''ften used with slide 
valves of the piston tyjv. to W desorilvd pr>:sently. than with the type 
shown in Fig. i>. 

19. If arldiig the valTe epindle. The valve may be placed in any 

one of the oritical {Kv^^itions, o\eu who a i: is shi:: up in the steam chest, 
if the valve spindle hivs Kvn marked in the manner shi>wn in Fig. 10. 
To mark the spindle us^^ a trammel shajvd as shown in the figure, 
maile out of, st\v. \ or | steel, the length zo be such that when one 
end rv^sts in a v\>uvouioutly pUuwl ».vn:r\.^ doz on the cylinder itself 
^it is shv»\\u against the tiiM\i;v v>t* the stiit^ttig K^x in the sketch), the 
other euvl is at right angles to the si'itKi-e. Firs:, the steam chest 
Lvvor Iviug ot^\ pLwe iho \aUe ui its ».vutrAL j»«i>ition, mark the 
line (^C v»ii the \;il\v' sjuitdle xUul ywi in .i «An:r> vio:. Consider the 
lnsti\»ke r\vlv\ 1\inI\ \\w \a!\o lo the I^t^ a ti^sriuio:- e«|iial to the 
steam lap. iiuiik ilu^ spuuilv wiih ii>o tnimriwl iuid p».i: in the dot a. 
It oau thv'ti U' br\»Ui;lu n\iv» ihts v-miumI |.H«sr:ion acuu at anv time 
when tho ovwus ,u\' vmi l»\ mkivIn hi;:ii;; u\c :i-\i*Arvxl :•■ this dot. The 
dot l> iiuiiks ilu- omHvmI |K\>m^»M lor ivU\i>iv' M>{ o;rivr».'ssion. The dots 
(.* and d smul.i»l\ m.nk \\\r ^'tiii^-.i! po.x!; :v»:is \W :>,; tAiCstn>ke Cycle. 
A little con.sulvM;iih»n \mII -»I«.»n\ i^i' wlu-n ::♦».• \-r.\-; >{.uQdle is in any 
^K».sitiv»n llio .ippiu'.u ii»h I'l i!»i' ; - nimu-! ■..' ::•..• >i^»;r'i.:'.v.- will fix a point 
at a disiiiiHT iu»in tlu- ii'MMil p.'..'n..i. -' \>'wi> '.-srauoe is the dis- 
phuviiuni oi iln'N il\»' h.MM M ...ii!»!u |»i'.xKKMi. K:^ *u ! T»ij this distaDCC, 
iho v'jviimx** v't «'«^' p«'M ■ "• mIki o\o1v uu\\ ai vmiw be inferred. This 
UK'ih^Kl i> iiMil Ml N lI\i •(<|iI hfcHi ^» ivk'r!v\l tt» when that 

subjvvt is I null I 1 oM-.»ilvi |JI^\ Ati enlarged view of 

th<.' maikM»^ i.^ Nh*'>\n <kWUMr, Fi^. 10, 

i 
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20. If odificationB of the 
typical form. There are many 
modifications of the t}rpical 
form of slide valve just de- 
scribed, but in all these modi- 
fications the steam and exhaust 
laps are defined in the same 
way and they determine the 
critical positions of the valve 
for the eight events of the 
stroke in the double cycle in 
the way just explained. The 
two principal objects aimed at 
I in the modified forms are, first, 
; to increase the area of the port 
\ opening for steam for a given 
\ movement of the valve, second- 
ly to decrease the fiictional re- 
I sistance of the valve to sliding. 
r Before describing any of the 
\ modifications of the short D 
[ valve it will be convenient to 
\ describe Murdoch's valve. Fig. 
! 11 is copied fi:-om Murdoch's 
specification dated August 
1799. The cylinder is in com- 
munication with the steam 
chest through two short 
straight passages S^ and S^. 
The slide valve working across 
these ports consists of a tube, 
D shaped in cross section, car- 
rying at the ends flat plates F^ 
and Fj which slide over the 
port surface, the semi-annular 
space between the back of the 
tube and the inside curved part 
of the steam chest being packed 
as indicated in the figure. The 
steam chest is thus divided into 
three parts, a central part in 
communication with the steam 
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Fig. 11. Murdoch Valve. 
Thb long D Valve. 
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pipe, and two end parts in communication with one another through 
the central pipe and with the condenser at E, Steam is there- 
fore admitted at the inside, and released at the outside edges of 
the plates, the exhaust steam from the top finding its way to the 
condenser through the central part of the valve. So far as the distri- 
bution of steam is concerned, the valve works with inside admission in 
the same way that the ordinary slide valve works. The sketch shows 
also that the valve was operated by an arm fixed to the piston rod 
striking discs fixed to the valve spindle. The motion of the valve was 
therefore not continuous. For the greater part of the time occupied by 
the stroke of the piston it was at rest in a position where the steam 
had free access to one end of the cylinder, the condenser being in 
communication at the other end. 

21. Trick valve. When the sliding movement of the valve 
across the ports is continuous, as when operated by the simple eccentric 
gear, there is only a gradual increase of the width of the opening, so that 
for a considerable fraction of the time arranged for admission the steam 
has to make its way through a relatively small area of opening, and in 
consequence falls in pressure, a loss generally known as " wire drawing." 
In the Trick or Allan valve, Fig. 12, a passage P is cast in the back, so 
that when the valve is just opening for steam the usual supply at the 
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Pig. 12. Trick Valve. 

edge is supplemented by a second supply introduced into the port 
through the passage P, the opening and closing of this passage being 
eflfected by the edges of the valve seat E and Ei as the valve slides across 
them. If the valve Fig. 12 is separately drawn and placed in the critical 
positions it will be apparent that, considering the admission from the 
left edge of the valve, the distance a from the inside edge of the p<assage 
P to the edge of the seat E^ must be equal to the steam lap Z, in order 
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thai the »team port and the pvssiige P may open siinultaneously. When 
the ridve has moved a distance h to the right of its centml position, a 
further movement to the right increases the width of the opening 
determtBed by the ateani admis«ioii edge of the valve, but decreases 
the opening of the passage P by an equal amount, so that the opening 
for steam reniainn constant until the passage P m entirely closed by 
the bridge between the steam and the exhaust port. Admission at the 
right edge of the valve for the Instroke Cycle is similarly supple- 
mented by »tearn piissing thnmgh the passage from the left, the edge E 
oootrolling admission and cut oS' so far as the jjusaag© is concerned. 

In designing a valve of this kind care must be taken that sufficient 
width eatists between the edge of a steam port and tlie adjacent edge of 
tiie exhaust jjort to prevent the passage P opening communication 
between the steam chest and the exhaust passage. 

22, Hoiible ported valYe. A valve designed to secure sufficient 
port o|jeniiig with a relatively short stroke, and in general use for the 
!'jw pressure cylinders of marine engines and known as the double 
[Mirted valve, is nhown in Fig, 13, Here, two steam ports are formed 
un each side of the exhaust port, and the right side of the valve is 
prt*vidfd with two edges By, 11^ to give admission at these two ports 
siiiuitt,ini'ously ; and con'esp>nding to these are two edges 6\, C\ which 
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Fig. 13, 0ouBi*K PoBTin Yalvk, 



open communication with the exhaust passage E, A jjassage K is 
acd acrijss the valve to convey steam to the edge B^, A similar 
I of edges B^, B^^ 6',, 6^^ determine the distribution at the left side of 
the valve for the ontstroke cycle. The steam and exhaust laps are 
indicated by L, L, I and / for the instroke cycle and L^, Li, /, and l^ for 
thi3 i>utstroke cycle. 



22 Valves and Valve Gear Mechanisms [ch. n 

Valves of this kind can be made with three, or even more, ports for 
each steam way into the cylinder. A section through the intermediate 
pressure and one of the low pressure cylinders of a battleship engine of 
11,000 indicated horse power is shown in Fig. 14, which illustrates, 
amongst other things, the general arrangement of the triple ported slide 
valve used with the low pressure cylinders of this engine. The triple 
ported entry to the steam ways at each end of the cylinder is clearly 
shown. It will be noticed that the face on which the valve slides is 
really one face of a plate through which the ports are cut, ports in 
the cylinder casting corresponding with them. The exhaust port E 
lies between the steam ways. 

23. Balancing piston. The weight of a slide valve of a large 
engine is considerable. The triple ported valve just described weighs 
1^ tons, and in the largest engines the weight may be as much as 
3 tons. To relieve the valve gear the weight of the valve is taken by 
a balancing piston B, Fig. 14. The bottom of the balancing piston 
cylinder is in free communication with the steam chest, a clear way 
being left round the piston rod. The upper part of the cylinder is 
maintained in continuous communication with the condenser. Thus 
the diflference of pressure per square inch between the lower and the 
upper sides of the piston is the difference between the steam chest 
pressure and the condenser pressure. The area of the piston is pro- 
portioned to take the weight of the valve and valve gear, less the weight 
of one eccentric rod. 

24. Balanced valves. In recent years the steam pressure used 
with all types of engines has gradually increased until at the present 
time 200 lbs. per square inch is not uncommon either in marine or 
locomotive practice. In consequence of this, methods of relieving the 
pressure on the back of the valve in order to decrease the frictional 
resistance to sliding are used much more generally than in the days 
of lower pressures. 

One way of reducing the totiil pressure on the valve is shown in 
Fig. 15. A rectangular groove G is formed in the back of the valve 
and metal strips R are fitted to the groove. Springs at the bottom of 
the groove press the strips upwards into contact with a face F prepared 
in the cylinder cover. The strips and the s])rings are shown removed 
from the grooves in the valve in the pei*spcctive sketch, above the 
sectional elevation. In this w^ay the area enclosed by the frame is 
cut off from the action of the high-pressure steam and the frictional 
resistance of the valve is reduced in proportion. These Richardson 
strips, as they are called, have been extensively employed in the United 
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States. Mr Aspinall*, who has recently made some experiments with 
a Lancashire and Yorkshire locomotive in connection with this subject, 
found that the average pull on the valve spindle was reduced from 
about 1946 lbs. to 854 lbs. by the addition of these strips to the valve. 
Fig. 15 is in &ct a section of the valve with which the experiments 
were made. 





Fig. 15. IUlanvkd V,\lvk. Laxoashirk and Yorkshire Railway. 

Quoting two oxjHTiniontx^» with a phosphor-bronze valve of the usual 
typo, the foixv nHpiiixnl at tho spiiullo to push the valve was 197211)6. 
when the pn^ssun^ in tho stoain ohost wjuj 14<> lbs. j>er square inch. 
This pn^ssun\ allowing for tho lilting action of the steam in the passages, 
producinl a nott K^\il on tho valvo of 15W>5 11^ The corresponding 
coefficiont of friction was tlu^i\^t\n\^ OOiVS. With the Richardson valve 
shown in Fig. 15. whon tho stoani chost pivssur^* wji^ the same as above, 
namely, 14()lKs. por st|uaiv inch, tho \oU\\ nott pn^s^^uro on the valve was 
reducoil to HtiJ^.S llv^,. and tho pnll on tho val\o spimllo was reduced to 
760*5 11^. corn^s}H>nding to a c^H^tHciont of tViction Ot^SS. The coeflBcient 
of friction is nvkonod by dixitling tho toivt^ nHpiinxl to move the valve 
by the nott pivssuiv acting oi^ k of tho valvo. Mr Aspinall's 

• J. A. F. AnpinalU •• On i* *«lv^M«*' IV^v. Intt. Ciril Em^iiuen, 

Vol. 183. 
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fxfterimt*nts ijhow that the average coefficient of friction for valves 
iri*rkiijg i»d a vertical face is about 0^068, whilst for an unbaliineed 
Jve on a horizontal face it is about 0^088, For the partially balanced 
valve the coefficient found was **lightly higher, being 0*092, A complete 
account i>f these experiments, with details of the d}^araometer used 
to uieasun? the force at the valve spindle, will be found in the paper 
quott'd and in an earlier paper in Vol 95 of the Proceedings of the 
Imtitufmn of Givil Enginem^s. In the discussion of the second paper 
lit F. W. Webb stated that instead of four separate strips he had used 
h fi.*c lingular frame milled in one piece, packed round with asbestos 
oard^ with good results. 
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PLAN OF ^giLVC 

Fig. 16« Balanced Valve. Northerk Railway op France. 



Fig. 1 6 shows the slide valve and the way it is balanced in the case 
of the I)e Glehn Compound Express locomotives running between Paris 
AJwi Calais on the Northern Railway of France* The relief frame is 
ill the fi.irm of a ring R> bored out U} fit the circular projection P 
ned on the back of the slide valve. 

A relief fmtne as applied to a large marine engine valve is shown 

Fig, 17. Returning to the triple ported valve shown in Fig* 14* its 

lu&l size is S'6" in the direction of its stroke and S'S^" wide. The 

thus 4521 st-|uare inches, A considerable fraction of this is cut 

[>ni the action of the steam pressure by the method indicated in 

figure, but shown on a larger scale in Fig* 17 » which is a eectioii 
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through the cylinder cover and 
balancing ring. A circular plate 
D is pressed into contact with 
the back of the valve by springs, 
two of which are shown at S and 
S. This plate is free to move in 
a direction perpendicular to the 
port face, being guided by the 
steel ring RR, secured to the 
cylinder cover by 12, |" studs. 
Steam is prevented from getting 
behind the plate by means of a 
flexible copper ring CC in the 
form of a single deep corrugation. 
This copper corrugation is fastened 
by one limb to the plate by 48, 
^" studs, and by the other limb 
to the cylinder cover by 52 studs. 
The copper corrugation forms a 
flexible connection between the 
cylinder cover and the circular 
plate resting on the back of the 
valve, the plate is therefore free 
to move into close contact with 
the surface of the valve under 
the action of the springs. In this 
way an area of 1503 square inches 
is relieved from steam pressure. 

There are other ways of pre- 
venting steam from getting be- 
hind the balance plate. The 
method indicated has been used 
successfully for many years by 
Messrs Humphrys and Tennant. 

In fitting these frames care 
must be taken that the valve is 
not relieved too much, since the 
pressure on the inner side of the 
valve due to the steam in the 
passiiges tends to lift the valve 
off its seat. A certain quantity 
of steam is sure to find its way 

Pig. 17. Valve Chest Cover and 
Balancing Plate for Triple 
Ported Slide Valve. 



n] 



On Steam Distributing Valves 



27 



behind the plate as the valve moves to and fro under it, and to 
prevent the gradual accumulation of pressure from this cause the inside 
of the relief frame is placed in communication with the exhaust 
passage or with the condenser. 

26. Piston TalTe. Theoretically the slide valve can be relieved 
of all pressure on the back by changing it to the cylindrical form, 
obtaining what is known as a piston valve. Two essential properties of 
the flat slide valve are lost by this change. The valve is no longer 
kept up to its seat by the steam pressure, and the valve can no longer 
lift off its seat against the steam pressure to allow trapped water to 
escape. When a piston valve is used therefore it is absolutely necessary 
to provide relief valves on the cylinder to allow water to escape. 



.„jtl 
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tig. 18. Piston Valve. 



If a thin section of the slide valve shown in Fig. 10 be supposed to 
revolve about the axis of the valve spindle it will describe a corre- 
sponding piston valve in space. The ports of the steam pissiiges, both 
for supply and exhaust, must now encircle the valve as shown in Fig. 18, 
*Qd provision must be made for placing the ends of the steam chest or 
^alve chamber in communication with one another. This is generally 
effected either by casting a piissage for the purpose with the valve 
chest or with the cylinder, or by casting a passage through the valve 
itself. 

This change in form of the valve does not involve any change in 
the distribution of steam it can effect. The definitions of the steam 
^^d of the exhaust laps and of the criticiil positions are precisely the 
^^e in a piston valve as in a valve of the ordinary type. 
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The \i8ual mode of construction adopted with piston valves is shown 
in Fig. 14. The steam chest is bored out to receive two liners, L and 
L,, in which the ports are machined to the correct size. The corre- 
a})onding ports in the cylinder are cast slightly wider than those in 
the liner, so that when the liner is forced into its place the ports 
in it have a fiiir oj)ening into the steam passages. In some cases the 
liner is made in one piece and all the ports are cut in it. The piston 
valve P is indicated in general elevation and it will be seen that its 
weight is carried by a balancing piston. 

A siH'tion of the piston valve for the high pressure cylinder of the 
engine of which Fig. 14 is a part is shown in Fig. 19. This valve 
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djAxnetor and are formed bito circumferc^ntial grooves carrying packing 
ringa One side of a groove is formed by the addition of a Hat steel 
ring to the end of the valve. The removal of this ring enables the 
packing rings to be put in place, aft^r which it is replat^ed and held 
irctirely in position by a ring of studs. The packing rings are split 
and a titngue piece is inserted as indicated, thus leaving the ring 
free to ex|)and against the liner. The edg€»s of the packing rings form 
the respective steam and exhaust edges of the valve. The valve shown 
works with outside steam admission. 

Sometimes an uncut floating ring is used for packing the valve. 
The ring \^ turned a few thousandths of an inch smaller than the liner 
in which it wurks ami is free to move a small amount in a radial 
direction relatively to the valve, so that it can accommodate its position 
to the small distortions of the liner due to changes of temperature 
without danger of stieking. 

A floating ring can either be put over the end of the valve, being 
held in !t« place by a w^isher or junk ring, or it can be sprung over the 
i'dJ of the valve into a groove turned to receive it in the way discovered 
by Mr Yarn^w*, A floating ring passes a small amount of steam, but 
tbe gain in other directions in the opinion of some eminent engineei^ 
mgre than compensates for this. The advantage of this form of 
packing is that there is practically no frictional resistance to sliding, 
becauBe the uncut packing ring is actually smaller in diameter than the 
Imer in which it slides ; there is therefore no necessity for lubrication. 
Thi« IS an enormous advantage in the case of condensing engines where 
the condensed steam is returned to the boiler, since the successful 
working of modem wat^r tube boilers is imperilled if oil gets into them 
^^ with the feed water. Some makei's dispense with even a floating ring 
^p lod use a solid valve. In this case the design must be carefully oon- 
r iidered with reganl to the change of form likely to be caused by the 
I fhauge of temperature to which the valve and seat will be subjected, 

^L 26. Vauolain valve. Fig. 20 shows the type of piston valve used 
r nth the Vauciaiu Cum pound Ijocomotive, built by the Biildwin Cum|mny 
rf PhiliKlelphia, This one valve effects the distribution of steam to two 
cvlindcr>s. There are therefore four cycles to be arranged for, namely, 
liic in- and outstroke cycles for the high pressure cylinder, and the 
io- and the outstroke cycles for the low pressure cylinder. The cycles 
involve 16 events per revolution. The course of the steam for the 
position of the valve shown is indicated by arrows. Steam enters the 
high pressure cylinder for the outstroke cycle at A simultaneously 

* S4i Tl^ Engineer, Jan. 30th, 1903, page 123. 
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with the exit of steam from the instroke cycle at B. The steam 
leaving at B finds its way into the centre of the valve, which ii 
designed to have sufficient capacity to act momentarily as a receiver 
when required to do so. In the figure, however, the way is shown 
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Fig. 20. Piston Valvk. Vauclain Compound Locomotive. 

open into the low pressure cylinder at (7 jind the steam is entering 
for the performance of the outstroke cycle. Steam from the instroke 
low pressure cycle is leaving the cylinder at i), passing round the 
valve into the exhaust cavity E, which is in direct communication with 
the bhust l>il)c. If the valve is dniwn sepan\tely on a piece of card the 
distribution of the steam can be followed thn.iugh a rt^volution, and the 
two steam and exhaust laps measured without difficulty. 

27. Segmental valve. A valve which combines the essential 
proj)erties of the slide valvt^ with {mrt of the advantage of the piston 
■valve has been invented by Mr W. M. Smith* and is used by the North- 
Kiustern Railway romjmny and in the new eomjHmnd engines introduced 
by Mr S. \V. Ji>hnsi>n on the Midland Railway. The main object in the 
design is to obtain a valve which, whilst it^taiuing the advantages of the 
cylindrical form, will alKnv tnipptnl water to eseajH\ For this purpose 
there art^ two rings k^^ packing at each end. out^ narn>w in width and 
the other Relatively much wider. The wider ring is cut into three 

• Sec Mr SmiUi*8 pajH^r in tho /'nnVfJim/s of Inst, of Mtcftanicul KniUneer*^ July, 
1902. 
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segments S,, fifj, S^ (Fig. 21). The head of the valve is formed by 
clamping a washer W against the main body of the valve 5. The 
washer carries three horns Hi, H^, H^ arranged so that they form radial 
guides for the segments. Two segments Si, S^ are shown drawn off 
these horns. S^ is in its proper position. Steam gets to the inside of 
the segments through holes in the washer and presses them on to the 
liner, and the segments are also free to move inwards a slight distance 
ladially under the action of a sudden rise of pressure in the ports due 
to the presence of trapped water. The spaces between the ends of the 
segments are brought over bridges in the steam ports of the liner, two 
of which are shown at Ki and K2, About one-third of the section of 




Pig. 21. Segmental Piston Valve. 

the liner L is shown in the figure, enough to include the two bridges 
Ki, K2 and the part of the steam port between them. The narrower 
ring £ is a piston ring somewhat of the ordinary type, cut in one place 
and expanding by its own elasticity on to the valve seat. Its object is 
to prevent the passage of steam through the spaces between the ends 
of the segments direct into the exhaust cavity. The segments and 
the ring E are all provided with projecting lips, Pi, Pj* ^3, in order to 
Hmit the radial movement outwards and to prevent, as far as possible, 
broken pieces of the rings getting into the ports in case of fracture. 
These six segments really constitute a set of small slide valves arranged 
80 that the area acted upon by the steam is a minimum. 

In some comparative experiments* made on the North-Eastem 
Railway the wear of these segments was found to be about 3/32 of 
an inch for 100,000 engine miles, and the wear of slide valves of the 

* Ibid. loc. ciU 
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usual type, which were tried in comparison with them under sucl 
identical conditions as it is possible to get on a railway, was 25/32 o 
an inch per 100,000 engine miles. At the Elngineering Conference 
May, 1897, Mr S. W. Johnson stated that the segmental valves h< 
used with the Midland engines required one-sixth of the power nece& 
sary to work the ordinar}' slide valve, whilst the loss by wear was alsc 
about one-sixth. 

28. Rockiiig valve. The essential features of this type of valve 
are the same as those of a slide valve. The valve oscillates to and frc 
about some central position, but the motion is an angular oscillation 
about the axis of the valve spindle instead of a linear motion in the 
direction of the valve spindle. 

Fig. 22 shows a rocking valve arranged to perform all the functions 
of a slide valve. The central portion of the valve is shown separately 
above the section, and the valve spindle again, separately above the 
valve. It will be observed that a squared part of the spindle engages 
the valve along a slot formed in the back. By this arrangement the 
valve is free to find its seat under the action of the steam pressure, and 
free to lift off its seat to allow trapped water to escape. 




Pig. 22. RocKiN(j Valve. 

It is unusual to eCFect the distribution of steam by one valve of this 
type. The usual practice is to provide four separate valves, two at 
each end of the cylinder, the valve s])indles being parallel to one 
another and at right angles to the vertical plane containing the 
cylinder centre line. 
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The general armiigement of faiir *' Corliss valves '* of this type is 

!ibn\vn in Fig. 23* The valves S and E are respectively the steam and 

*?xhim»i valves for the outatroke cycle; Si and E^ being those for the 

in-Htrtike cy^le, The valve chambers in which jS and S^ work are 

Lviiiifcted by the steam passtige P, this passage itself being in 

ommnnieatloo 1*1 th the main steam pipe through the stop valve. The 

dtatitage of thia arrangement is that the steam passages from the 

fttlvt* chambers into the cylinder are short, aa will be seen in the figure, 

aoti therefore the clearance spaces are reduced to a minimum. 

A croHs-section through the valve chambers for the oiitstroke cycle 
liB 18 shown in Fig. 24. Considering the aiTangement of the 
iiQ) valve S more partiienlarly, it will be observed in Fig. 24 that the 
mU of the valve spindle are well supported by the covers of the valve 
''Jt:irTiber. one end of the spindle being brought through a gland, so that 
bv suitable connection with the valve gear mechanism it may receive an 
au^lar oscillation. 

The valve itself engages with the valve spindle by means of slots 
cut across the ends, as shown in the separate drawing of the steam 
Tuive, Fig, 25. The spindle, Fig. 26, is squared at A, and carries a 
^ttangular cross-piece or hilt at B, The internal diameter of the valve 
^ targe t*nt*ugh to allow the spindle to be pushed through it up to the 
hilt, :tnd when it is in its pro|>er place the squared part A rests in the 
M sit one end of the valve, whilst the hilt rests in the slot at the other* 
Tk vnlve is ribbed at intervals R, U, Ry and these ribs find corre- 
S'jioriiiing ribs to support them in the valve chamber at r, r, r*. 

By the arrangement shown, the angular motion which the valve 
andlc receives fronx the valve gear is communicated to the valve* whilst 
f mlve is left free to find its seat on the curved port surface under the 
^ion of the steam pressure or to lift off in order to allow trapped 
**tef to escape. 

The angtdar displacement, j9, which must be given to the valve 
spindle U^ move the edge of the valve through a given distancje L is 
««ily calcniatred. Thus, if u is the radius of the port surface, the angle 
ui Tndiiitis through which the lever on the valve spindle must be turned 
border to move the edge of the valve a distance L is given by 



Th^ st^yim valves of engines fitted with valves of this tj^pe are commonly 
worke<l by means of a trip gear which is under the control of the 
gofcfuor. The angular oscillation they receive is of the quick return 

* 1 ana iadfibted la Megsrt Hick Hargreftves and Co. for the drawings on page 94. 
0. V. 3 
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type. That is to say, the valve is opened by the motion of the 

valve gear link work, and at some point in the stroke, determined by 

the governor, the valve is suddenly disconnected from the valve gear, 

and a powerful spring which is connected to the lever at Kx, closes 

the valve quickly, the rate of closing being controlled by a dashpot. 

The gear operating the exhaust valves is unprovided with trip gear, 
and the angular motion in one direction is an exact repetition of the 
motion in the other direction. 

29. The inertia of a valve. The resistance to be overcome at 
the valve spindle, to move the valve against the friction produced by 
the steam pressure acting on it, has been discussed in Art. 24. In 
high speed engines the resistance to motion due to the inertia of the 
valve must be added to this in order to get a correct idea of the force 
to be overcome. If W is the weight of a slide valve, a the acceleration 
at any instant, this force is given by 

W 
— X a. 

9 

The acceleration of the valve's motion can easily be calculated in 
the case of the simple eccentric gear, and it is not difficult to estimate 
it approximately in any ordinary case. General methods of finding the 
acceleration are discussed in Chapter ix. 

To give some indication of the magnitude of the force, suppose an 
ordinary slide valve, weighing 200 pounds and having a stroke of 
6 inches, to make 800 strokes per minute, and that the motion is of 
the simple harmonic kind, that is to say, the motion due to a crank and 
a relatively long connecting rod. 

The acceleration at each end of the stroke is 

a)»r=47r'n'r, 

^here n is the number of revolutions of the crank per second, r is the 
"wiius of the crank in feet. In the case supposed, this is numerically 
equal to 437'6. 

The force exerted by the valve spindle to start the valve at the end 
of each stroke is therefore 

1^ X 437-5 = 2720 lbs. app. 

At the centre of the stroke this force becomes and changes sign. 
In the case of a rocking valve, the couple, acting on the lever of the 

3—2 
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valv(} Hfiindle, which is required to produce an angular acceleration of A 
riulianH jwr sec. jxjr sec, is given by 

C = -xA, 
9 

whoro / iH the moment of inertia of the valve and the spindle, about 
the axis of oscillation. If Q is the distance between the centre of the 
valvt» spindle and the centre if, at which the force is applied, the force 
('orn»»ponding to this couple, acting at right angles to the lever, is given 
bv the (piotient 

C 



CHAPTER III. 

THE CRANK AND CONNECTING ROD. 

90. The crank and connecting rod. General description. 

Since the motion of the piston is controlled by a crank and con- 
necting rod mechanism in nearly all the modem forms of the steam 
engine, it will be convenient to describe the geometric properties of this 
mechanism first. 

The general form of the mechanism is too well known to need any 
special description. A drawing of it is shown incidentally in Fig. 77. 
In Fig. 27 OK is the crank and KB is the connecting rod. The end of 
the connecting rod is constrained to move in a straight line by the 
slide bars, the connection between the sliding blocks and the end of 
the rod being made by the crosshead. The piston rod is fixed to the 
croashead, so that the motion of the piston, the piston rod, and the 
croashead is the same. Hence the motion of the piston may be repre- 
sented by the motion of any one of the points in the reciprocating mass. 
It is usually convenient to take the centre of the crosshead pin for 
this purpose. 

The stroke of the piston, that is, the distance between the dead 
points, is constant and equal to twice the crank radius. 

In what follows, the mechanism is restricted to the arrangement 
vhere the line of stroke, produced, passes through the centre of the 
cmnk shaft. 

3L Determination of the piston position corresponding to 
*i^y given value of the crank angle. The position of the piston 
^ relation to its dead points is determined by the following simple 
K^metrical construction. 

Set out the centre line of the cylinder, Fig. 27 : draw the crank 
in any position as OK, and from the crank pin axis as centre, and 
with a radius equal to the length of the connecting rod, draw an arc 
cutting the line of stroke at B, The point thus detennined fixes 
the position of the centre of the small end of the rod. Arcs drawn 
with the same radius from the centres and 6 fix the dead points of 
the small end of the rod. Every point in the reciprocating mass 
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has the same motion as the centre of the small end of the connect 
ing rod. The point B in the line of stroke may therefore be taker 
to represent the C/Cntre of the piston, and the points and 6 th( 
dead points of the piston. 




Fig. 27. Piston Displacement Curves. 
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Repeat this construction for several equidistant positions, 12 say, of 
the crank, obtaining thereby the corresponding positions of the piston 
in the line of stroke. Then the distance of the piston, corresponding to 
any one of the 12 equidistant values of the crank angle, may be measured 
from either of its dead points. 

32. Piston displacement curve. It is an easy matter to extend 
the results of these twelve constructions so that the piston position may 
be fixed for any given value of the crank angle 0, To do this, draw a 
vertical line TT through the point /m, bisecting the distance between 
the dead points 0, 6, Fig. 27. Take any convenient length on TT, as 
0—12. and divide this length into the same number of equal parts as 
the equidistant positions of the crank divide the circumference of the 
crank circle. Through each division draw a line at right angles to TT, 
The distance between each one of these horizontal lines corresponds 
to a certain change in the crank angle. This change is 30 degrees 
in Fig. 27. The part — 12 of TT, may be looked upon as the circum- 
ference of the crank circle developed into a straight line, and set 
out to some convenient scale. Instead of numbering the points where 
the horizontals cut TT, to 12, they may be numbered to give the 
angular position of the crank in degrees. This alternative numbering 
is shown in Fig. 27 by the figures to the left of TT, Now project the 
12 points giving the positions of the piston in the line of stroke on to 
the correspondingly numbered lines below, and draw a smooth curve 
through them as shown by the thick full line. This curve is called 
the piston displacement curve. By means of it the piston dis- 
placement can be found at once for any given value of the crank 
*ngle 6 by merely finding on TT, and measuring the horizontal dis- 
tance from TT to the curve. 

If the stroke be divided into ten equal parts, and corresponding 
lines be drawn parallel to TT dividing the diagram vertically into ten 
^ual parts, the piston position can be read off, as a percentage of the 
stroke reckoned from either dead point. In the diagram, Fig. 27, the 
^Pper scale corresponds to the instroke^ and the lower to the out- 

33. Ssounple. Find the piston displacement when ^ =45 degrees ; 

(1) from its central position, 

' (2) from the right dead point, 

(3) from the left dead point. 

Finding 45 degrees on TT and meiisuring the horizontal distance 
to the curve, the answers are : — 
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(1) iTj = 0*8 X the crank radius, 

(2) ten per cent., 

(3) ninety per cent. 

Notice that each of the three answers is numerically the same if 
the angle 6 is (360 - d) = 315 degrees. 

The difference in the two cases is that, when ^ = 45 degrees and is 
increasing in value, x^ is decreasing in value, but when ^ = 315 degrees, 
and is increasing in value, Xi is increasing in value. 

Again, let 5 = 90 degrees, then iCj = 0*172 x crank radius. Or in 
percentages, the piston is 41 per cent, of its stroke from the right dead 
point or 59 per cent, from the left dead point. These values are pre- 
cisely the same for the angle 270 degrees. 

In general, however, the displacements corresponding to two crank 
positions 180 degrees apart, are unequal except for the values 90 and 
270 degrees, and of course and 180 degrees. 

34. Alternative construction. The displacement diagram may 
be drawn in a slightly different and sometimes more convenient way 
as follows : — 

Take any crank angle 0, Fig. 27, and find the corresponding 
position, B, of the centre of the small end of the connecting rod as 
before, for number 4 crank position, say. Using this point in the 
stroke as centre, draw an arc through the crank pin centre K, cutting 
the line of stroke produced in q. Then it is clear that the distance 
Oq is equal to mB, the actual displacement of the piston fix)m its 
central position. Points similar to q are to be found for the twelve 
equidistant positions of the crank. The part of the line of stroke 
cut off by the crank circle will then be divided by the several 
points q in the same way that the stroke is actually divided by the 
corresponding positions of the piston. To draw the displacement 
curve, take TT at right angles to the line of stroke so that it 
passes through 0, the centre of the crank shaft, then project each 
point q on to the corresponding horizontal line below, as before, and 
sketch in the curve. 

35. Use of a template to find q. If the displacement curve is 
to be drawn full size, or even to a large scale, the fixing of the several 
piston positions in the line of stroke, and the drawing of the corre- 
sponding arcs through the crank pin centres, will usually require a 
trammel some feet in length. The arc Kq, Fig. 27, may however be 
drawn without finding the corresponding centre point B in the stroke. 
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and without using a trammel at all. This is done by means of a 
template so fashioned that the edge ARB, Fig. 28, is curved to the 
radius of the connecting rod, and the other edge CQD is straight and 
truly at right angles to a radius of the curve QiJ, which radius is to be 
maAed on the template. To draw the arc 4gr, place the template as 
shown in Fig. 28, so that the radius QR lies in the line of stroke, and 
the curved edge passes through the point 4 on the crank circle. The 




Fig. 28. Use of a Template to find q, 

placing of the template in this position is much £Bu;ilitated if the 
straight edge CQD is worked off a T square, as shown in the figure. 
Care must be taken that the top edge of the drawing board is truly at 
right angles to the usual working edge. 

In this way the positions of the piston may be found relatively to 
the dead points for stated crank angles without drawing anything but 
the crank circle. The displacement curve may then be constructed in 
the way already explained. 

36. On the effect of changing the proportion between the 
length of the connecting rod and the crank radius. 

The form of the displacement curve depends upon the ratio of the 
length of the connecting rod to the length of the crank only. As the 
length of the rod increases relatively to the crank, the displacement 
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curve, Fig. 27, continually approaches the form of the dotted curve 
shown on the diagram. In the limiting case, where the rod becomes 
infinitely long, the dotted curve becomes the displacement curve. In 
this limiting case the displacement Op of the piston is given in terms 
of the crank radius, r, and crank angle 6 by 

Op = r cos ^, 

a minus value of Op, showing that the piston is to the left of its central 
position. The piston displacement curve in this case may be constructed 
by plotting this expression. 

The curve in Fig. 27 is drawn for the case where the connecting 
rod is three times the length of the crank. The distance qp, in Fig. 27, 
shows the difference in piston position corresponding to the case of 
an infinitely long connecting rod, and one three times the length of 
the crank, when the crank angle is 6. The difference for any crank 
angle is the horizontal intercept between the dotted and fiill displace- 
ment curves. This difference decreases rapidly as the ratio of the 
length of the connecting rod to the length of the crank increases. 

37. Piston displacement curve on big end base. Referring 
to Fig. 27, it will be seen that if an arc be drawn through the crank 
shaft centre with radius equal to the length of the connecting rod, the 
horizontal distance between it and the arc drawn through the crank 
position K will be constant, since both curves are drawn with the same 
radius from centres a horizontal distance apart equal to Oq, It follows 
that the horizontal distance rK is equal to Oq, and hence rK represents 
the displacement of the piston from its central position. This con- 
struction is true for any position of the crank pin, and the following 
simple method therefore may be used to find the piston displacement. 

With a radius equal to the length of the connecting rod, and fix>m 
the central iK)sition of the crosshead as centre, draw an arc of a circle 
through the centre of the crank pin circle. The horizontal distance 
between the crank pin and this arc is then equal to the displacement of 
the piston from the centre of its stroke. The crank pin circle thus 
becomes the piston displacement curve with reference to this curved 
base. This central arc is conveniently referred to as the big end base^ 
because it is the path the big end would move in, if the horizontal 
motion of the crosshead were suppressed. 

This method of finding the piston displacement is sometimes very 
useful. 

38. The polar diagram. The displacement x of the piston fi-om 
its central position may be set out along the corresponding position 
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of the crank radius, as shown in Fig. 29. A curve joining up the ends 
of these radial quantities forms a polar displacement curve. The 
complete curve is like a figure 8, since twice during the revolution the 
piston passes through its central position where a; = zero. In this 
diagram the distance of the piston from its central position correspond- 
ing to a given value of ^ is the part of the crank radius cut off between 
the centre and the curve. Thus, when ^ = 60 degrees, the piston is at 
a distance Or = 0'66r from its central position. The disadvantage of this 
form as a practical diagram is that when the crank is in the region 
where x is nearly zero, it is difficult to measure x accurately because 
the crank itself is almost parallel to the curve, and the points of cutting 
are therefore somewhat indeterminate. 
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Piston Displacement Curves. 



Polar Form. 



As the ratio of the length of the connecting rod to the length of 
the crank increases, the displacement curve continually approaches the 
form of two dotted circles touching at 0, the diameter of each circle 
being equal to the radius of the crank. In the limiting case where the 
rod becomes infinitely long, the two circles themselves become the 
displacement curve. Thus the two circles in the polar diagram, Fig. 29, 
represent the same conditions as the dotted or cosine curve in Fig. 27. 
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THE SIMPLE ECCENTRIC GEAR. 

39. Description. This gear is the type most commonly used 
when the crank shaft is required to turn in one direction only. Its 
essential features are shown in Figs. 30 and 31. Keyed to the crank 
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Fig. 31. 

Simple £ccentric Gear. 



shaft is the eccentric sheave E, which is merely in principle a flat disc 
with the hole for the shaft placed eccentrically through it. The sheave 
is usually made in two halves, bolted together. Surrounding the sheave 
is the eccentric strap S, put on in two halves, and held laterally by the 
grooving together of it and the sheave, as shown in the section, Fig. 31. 
The strap is bolted to the eccentric rod R, which is jointed to the valve 
spindle at P. The movement of the valve is the same as the movement 
of the point P. As the shaft turns, the point P receives a to and fro 
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m which, with properly proportioned parts, enables the slide valve 
feet a distribution of steam suitable for driving the engine. 

}. Sccentric gear equivalent to a crank and connecting 

The names and the form of the parts in the simple eccentric gear 
ise the fact that, so far as the motion given to the point P is 
med, the gear is equivalent to a crank and connecting rod. This 
etrical identity is readily seen if the crank pin belonging to an 
ary crank shaft is imagined to increase gradually in diameter until 
large enough for the shaft to pass through it. It grows, in fact, 
an eccentric sheave, so that the distance from the centre of the 
shaft to the centre of the sheave, called the eccentricity, is the 
: radius corresponding to the sheave : and the distance fix)m the 
e of the eccentric strap to the centre of the pin P is the length of 
•x)rresponding connecting rod. The names of the corresponding 
in the two gears are compared in the two columns below : — 
unk and oonnecting rod gear Eccentric gear 

Crank pin is equivalent to Eccentric sheave. 

Crank radius „ „ „ Eccentricity or eccentric radius. 

Connecting rod „ „ „ Eccentric rod. 

Big end „ „ „ Eccentric strap. 

Stroke of piston „ „ „ Travel of valve. 

Stpoke=2x crank radius Travel =2 x eccentricity. 

1 dealing with any problem concerning the motion imparted to 
e valve by an eccentric gear, it is therefore only necessary to treat 
a crank and connecting rod problem in which the eccentricity of 
heave is used for the crank radius, and the length of the eccentric, 
the centre of the pin to centre of strap, is used for the length of 
connecting rod. 

he crank and connecting rod equivalent to the eccentric gear 
a in Figs. 30 and 31 is indicated in Fig. 30 by thick lines, OK 
' the eccentricity and KP the length of the eccentric rod. 

L. Displacement diagram of the valve centre. Assume for 
ime being that the crank in Fig. 27 represents the eccentricity of 
ave, the connecting rod representing the length of the eccentric 
The displacement curve for the valve centre would then be 
ical with the piston displacement curve in Fig. 27 and would be 
1 in exactly the same way. The peculiarity of the simple eccentric 
compared with crank and connecting rod mechanism is, however, 
the ratio of the length of the eccentric rod to the eccentricity is 
ly so large that the displacement curve of the valve is not sensibly 
ent from the displacement curve corresponding to an infinitely 
eccentric rod. 
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42. Angular difTerence between the main crank and tlie 
eccentric radiui. 

A. Steam taken on the outside of the valve as explained in Art, 14. 
In order that the motion given to the slide valve by the eccentric gear 
may be properly timed to determine the distribution of steam described 
in Art. 3, the sheave must be placed on the crank shaft so that the 
eccentric radius stands at an angle with the main crank. Thus, if the 
position of the main crank is specified by the angle ^, as shown in 
Fig. 32, the corresponding position of the eccentric radius for positive 
rotation is given by 

and the corresponding displacement of the valve from its central 
position, by x. 

Fig. 32. 



L ithe of Strolce 
ofVcub/ia 



Line of Stroke 



ofYoJj^ 




Fig. 33. 

Angular Difference between the Main Crank and Eccentric Crank 

FOR THE TWO DIRECTIONS OF ROTATION WHEN StEAM 18 TAKEN ON THE 
OUTSIDE OF THE SlIDE VaLVE. 

It is important to notice that, with outside admission, the eccentric 
angle is measured in advance of the main crank and is greater than 
90 degrees. If for instance the main crank were revolving in the 
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clockwise direction. Fig. 33, the angle <f> would be set out as shown. In 
this case the position of the eccentric crank at any instant would be 
given by the angle 

and the corresponding displacement of the valve from its central position, 
by X. It should be noticed in this latter case that the angle 6 decreases 
with the time. In the first case the angle increases with the time. In 
this way the diflFerence between the two directions of turning is mathe- 
matically stated. 

Why this angular diflFerence is necessary will be made clear in the 
¥«lve diagram about to be explained. • 

B. Steam taken on the inside of the valve as eooplained in Art 18. 

In this case the eccentric must be placed on the shaft behind the 
crank at an angle which is always less than 90 degrees. The relative 

Fig. 34. 



Ijute of Stroke 




Valv» 



Fig. 35. 

Ajtoular Difference or Lao between the Main Crank and Eccentric 
Oraick for the two directions of rotation when Steam is taken on 

THE INSIDE OF THE SlIDE VaLVE. 

positions for clockwise and counterclockwise running are shown in 
Figs. 34 and 35. It will be seen that the angle at any instant between 
the eccentric radius and the line of reference is 

{0 — X) for counterclockwise running, and that x is the valve displacement, 

(^ + X) for clockwise running, and that x is the valve displacement, 
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X in each case being the angle by which the eccentric radius lags behind 
the main crank. 

The relation between tf) and \ for a given distribution is a simple 
one. If, for instance, it is found that the angular difference to effect 
a stated distribution of steam is <f> degrees when the steam is taken on 
the outside of the valve, the angle \ for the corresponding inside 
distribution would be (180 ~ (f>) degrees. 

In each of the four figures the displacement x is found by projecting 
OK the eccentricity on to the line of stroke of the valve. 

This projection should strictly be made by an arc equal in radius 
to the eccentric rod in the way explained in Art. 34. Commonly the 
eccentric rod is so long relatively to the eccentricity, that the error 
introduced by using a straight line instead of the arc is negligible, in 
which case the valve displacement ifrom its central position is given by 

a? = r cos {0 ±(l>) or a? = r cos (^ T \). 

43. Angular advance. Anflrular lag. Although the angle ^ is 
strictly the angular advance of the eccentric in front of the main crank, 
the term is often used, in fact most generally used, to denote the excess 
of <f> above 90 degrees. Thus 

<^ = (90^ + S), 

the symbol 8 being used to denote the angular advance in this 
sense. 

If a slide valve receives its motion from an eccentric gear in which 
the eccentric sheave is keyed at 90 degrees in front of the main crank, 
the line of stroke of the valve being assumed parallel with the line of 
stroke of the piston, the cycle of events determined by the valve is one 
in which compression and admission take place at the same instant, 
that is, there is no compression stage, and cut off and release take place 
at the same instant, that is, there is no expansion. The pairs of points 
4 and 1 in Fig. 2 are coincident, points 2 and 3 also coincide, and the 
diagram takes the form of a rectangle. 

In order to obtain a time interval for expansion to take place 
between cut off and release, outside lap must be given to the valve and 
the eccentric angle must be. increased beyond the 90 degrees. A certain 
small increase in the angle is also necessary to give lead to the valve. 
These increases allow of a time interval between compression and 
admission, which time interval may be increased or diminished by 
increasing or diminishing the inside lap. 

In general for all cases where the line of stroke of the valve is 
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paniUel to the line of stroke of the piston the angular difference between 
viii: Uiiiin crank and the eccentric sheave is given by 

= (9O+8), 
■ King what is often called the angular advance. 

In what follows the actual angle between the main crank and the 
•fcentric sheave will be called the angular advance and little further 
mention will be made of S. It is introduced here merely to explain 
that the term angular advance may in general bear two meanings. 
The context of any work will however make it clear which meaning is 
being attached to the term. 

In the case where steam is admitted on the inside of the valve the 
angular difference, X, between the crank and the eccentric radius may 
be called angular lag because the eccentric is always behind the crank 
whichever way rotation takes place. 

4A. To find the simultaneoui displacements of the piston 

aad TwJtwe corresponding with a given crank angle and a given 

of the angular advance. Let the radius of the main crank 

[ he one foot, and the eccentricity three inches. Steam is to be tiiken 

[ OBlside the valve so that (^ is to be set out in front of the crank. 

Draw the crank circle, Fig. 36, and divide it into a number of equal 
j fUtSb Twelve only are used in the figure to avoid complication. Draw 
i the piston displacement curve by either of the methods of Arts. 32 to 
I SBb The method of Art. 35 is used in the figure, and the rod is taken 
[tube foar times the length of the crank. Then set out 0, the angular 
lidvanoe, as shown. Draw the circle representing the path of the centre 
I rfthe eccentric sheave with radius equal to the eccentricity, and starting 
figure on this circle, divide it into the mmv number of equal 
tyKto as the equidistant positions of the main crank di\'ide the crank pin 
, and number these correspondingly with the numbers on the crank 
||iB circle, being careful to number round in the same direction as on 
littecnnk pin circle. A pair of numbers on these two circles will fix 
I^HMponding positions of the crank pin and the centre of the eccentric. 
ig the ratio of the eccentricity to the length of the eccentric 
[ndto be small, perpendiculars dropped from the successive positions 
•fthe eccentric sheave centre to the coirespondingly numbered lines 
r, Pig. 36, will determine points on the valve displacement curve 
^ sufficient accuracy. (If the eccentric rod is short relatively to the 
^Boentricity, the exact construction of Art. 35 should be used.) Sketch 
tt the curve through these points and the valve disj)lacement curve 
k obtained in its proper relative position with regard to the piston 
inidaoement curve. 
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Any crank angle being assigned, the corresponding piston and valve 
displacements can at once be found from the diagram by merely drawing 
a horizontal XX through the given angle. The simultaneous positions of 
the piston and valve are then shown by the parts of this line intercepted 
between TT and the respective displacement curves. 

Example. What are the respective positions of the piston and the 
valve when the crank angle is 60 degrees? 

On the diagram, Fig. 36, 60 degrees corresponds with the position 
marked 2. Draw a horizontal XX through 2, and it will be seen that 
the piston is at 20 per cent, of its stroke, whilst the valve displacement 
from the central position is 2*95 inches to the left. 

46. The valve diagram. The object of the valve diagram is to 
discover what is taking place with regard to the steam distribution, or 
to exhibit the relations between given data, and from them to obtain 
complete data so that the gear and the valve may be designed to effect 
a distribution of steam according to a stated cycle. 

Referring to Art. 17 it will be seen that directly a?, the displace- 
ment of the valve from its central position, is known, it is at once possible 
to determine what is taking place with regard to the steam distribution, 
assuming the steam and exhaust laps to be known. 

The diagram, Fig. 36, links the valve position with the piston position 
so that the piston position corresponding with a stilted value of x is 
shown. Hence, if the displacement x is found for the different events of 
the stroke, the corresponding piston position may at once be found by 
projecting horizontally on to the piston curve and then vertically on to 
the appropriate percentage scale. Now, for the different events, x is 
equal either to the steam or exhaust lap, so that it is only necessary to 
locate these positions to determine the complete distribution of steam. 
Considering the initroke, this is conveniently done by drawing the 
vertical line LL to the lefb and at a distance from TT equal to the 
outside lap. This line cuts the valve displacement curve at the two 
points c and a. These two points fix the positions at which the valve 
displacement is equal to the steam lap. Point a corresponds to admis- 
sion of steam, since the displacement of the valve from its central 
position is increasing, and point c corresponds to cut off, since the valve 
displacement is decreasing. If XX be moved down so that it passes 
through c, it will cut the piston curve in a definite point, and projecting 
this point on to the upper percentage scale, the position, 0, of the 
^ton at cut off may be read off. Similarly A is the point on the 
percentage scale corresponding to a. 

For the events of compression and release, draw the vertical line EE 

4—2 
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to the right and at a distance equal to the exhaust lap firom TT, cutting 
the valve displacement curve in the points r and k. At r the valve 
displacement is increasing, therefore it marks the release point; at k the 
\*alve displacement is decreasing, therefore it marks the compression 
point. These two points are projected first horizontally on to the 
piston curve as shown, and then vertically to the points K and H, 

Again, since the opening for steam is given by 

X — steam lap, 
the cn.>ss hatched area shows by its horizontal width the actual opening 
of the steam port for any crank angle between admisaon and cut off 

Similariy. since opening to exhaust is given by 
X — exhaust lap. 
the horiiontal width of the doited croa? hatched area shows the opening^ 
i>f the p^^rt for any onuik angle during release azKi compre^ssion. 

The l€md, being the opening when the piston is on a dead pi>int, is 
shown v^n the horiiv^ntal through ct 1± 

The events of the ootstroke oyv*U\ beginning when is 180 degrees, 
arv^ foumi in a siiuiLir w;fty. the v^Iy ditferenoL b^ing that the line ZX» 
must be dr:iiwn to the riirti: of TT. and th-e Line EE to the left, the 
distaiK-vt^ in etiioh o;ik>e b^^ing rv:>p*?ctivrly :he stesun and exhaost lap of 
the ^T^Ive vvrre:>pL^cvi:ng to th^^ 1>0' cyxrl^ ttfcat fi> ahe distribution from 
the tfr\^at p^^rt >. whioh ^{:>:au::t«•^t^ may or may n«x be e«)v£il to the cor- 
rvsivcAi:rc vi:5'i.ei»,t:< r'r zh-i- ♦> vir-^^- ;r iiMtrate cyrle. 

Tb.:^ yur:::v:lkr rrr^ : iL.^rrAzi wji»>. I :cLi~k. £rs: T;ir:gt:: by Pn:.fessor 
R< vr.'. i-is Fr ci :!:.- irA:^.:>cu*]Lz.'> tv:::: c -n^ew :- w^ >r ^>and the 
r«»:«>-': c^r.nrjL.'.y -.^?*rf:. \l:i' f:^. :": :> ::•.■: ry Aziy zn^raa* zhi- simplest or 

4& A<frwti^t of scmicft. A • :ry rr.rs cy .rDsSfrfci^rG of the 

-iijjkrrtz:. ?.c -^i" v*. s.v V 'hkz _: *.':.•• -^kly^ i^jjciiicesijeiia ^:TIrTe is 
.irtk'vi r.. . >l:v fci^ .- l. vi -^ >^'ii.«: *>. i.r.-: .- rr:*^:* o'.::^;^ Tcs&ra -iispiace- 

ZiianTvy ~ ■ ?*-iu: if '.:>■ ;• tvc^u? "« .s."' c .-" ::- -its': c 

rS- ^-.i-- c -.1. ■ r:.-2a:,s r-*. -,-.>-•,: :•-.''••: -.t • :'.'T'-ir.7 Sf rviti*xd 
«• k^' •• II * - ii_i- n " -l:v. v:...sr -.*. ^„ . "-.^■■: c:.Zikr,i'< ir* iecc full 

"jtts** TT • rjii- r\**i*<- ■ r • • il.l.-: .*».-.•- ■ r - ♦ . •. ; t^^f .- ^i > •srr • w»j»i If ihe 
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A valve cHagram set out with suitable scales is given in the next 

It may be* mentioned that the work is considerably reduced if 

diagram is drawn on a sheet of squared paper, the scale for the 

curve being chosen so that the stroke corresponds with ten of 

umio di^-isions of the paper. The diagram is then subdivided 

tic&Uy, by the lines of the squared paper, and the percentage position 

t the piston can be read off quickly and accurately. 



Examination of the Distributiom of Steam effected bv 
THE Simple Eccentric Gear. 

47. Meaeurement of data. This is most conveniently explained 
^ c<jtinectiim with the problem presented, as tbllows: — 

(jivan a double-acting engine, find at what percentage of the 
fitmke the different events of the steam distribution take place ; 
find the maximum port openings for steam and exhaust ; and find 
the respective leads. 

lo the fir§t place, data sufficient for setting out the valve diagram 
; be obtainefl from the engine. The data required are : — 

(1) for the piston displacement curve, the ratio of the length of 
connecting rud to the crank ; 

it) for the vaK^e displacement curve, the eccentricity of the 
avc, and the angle between the sheave radius and the main crank. 
It m the angular advance or the angular lag ; 

(3) the steam and the exhaust lapSj and the widths of the ports 
I the bridges. 

Let it be assumed that all the meiisurements are to be made without 
linff the gesir down. 

The measurements required for (1) may be obtained most accurately 
|coriDection with the measurements for (2), 

The first thing to decide is whether the slide valve is taking steam 
'JQthfc ifmide or uutside of the valve. Stand facing the engine with the 
q^linder to the left. Turn the shaft round until the main crank is 
oijnuiU*Iy in the zero position iis shown in Fig. 86. Then notice 
position of the eccentric. If the atigle between it and the main 
nk is less than 90 degrees, the valve is taking steam on the inside, 
||reiiler than 90 degrees, on the outside. The direction in which the 
nms can at unce be infeiTed by comparing the position of the 
entric sheave relatively to the crank, with Figs. 32 to 35. 
The i*ccur»tric rod is usual ly s(j long in relation to the eccentricity 
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that the eflFect of its obliquity may be neglected without introducing 
sensible error, in which case the displacement of the valve firom its 
central position is given, with negligible error, by 

a; = r cos {6 + <^). 

To find r, chalk the valve spindle in a convenient place near the 
stuffing box, and, whilst the engine is being turned round slowly, mark 
the valve spindle with a trammel of the kind illustrated in Fig. 10, 
finally fixing the extreme marks of the trammel point in either direction 
by a centre punch dot. The distance between these extreme dots is the 
valve travel, and half this distance is the eccentric radius. 

The mojisurement of the angle* between the sheave and the crank 
can be made without taking the gear down by making use of the 
above expression for the displacement ; for if x and the corresponding 
crank angle are known, since r has just been measured, <f> can be cal- 
culated. The values of at which it is easiest to place the main crank 
are and 180 degrees, corresponding to the dead points of the piston. 
The placing of the crank in either of these positions requires somecare» 
because near the dead i^ints the crank turns through a large angle for 
an extremely small motion of the piston, so that it is impossible to tell, 
by mere observation, when the crosshead comes to the end of its stroke, 
or when the crank is at 0° or 180°, with any degree of precision. The 
following method is commonly used in the process of valve setting, 
and it should be studied carefully. 

To place the crank at 0° or 180°, the positions corresponding withiht 
dead points of the piston. 

Assume that it is to be placed at degree. Turn the crank shaft 
round, Fig. 87, until the crosshead is within about one-eighth of the stroke 
from the dead point. Then put a centre dot. A, on the slide bar, and with 
a trammel of any convenient length scribe an arc on the slide block and 
put a centre dot at B, on the arc. Keeping the gear in this position, 
take a long trammel, and from a centre dot at C, put at any convenient 
position on the framing of the engine, scribe an arc on the face of th? 
wheel or crank disc, to cut a circular arc drawn on the face of the wheel 
in I). Next turn the crank shaft round slowly until the crosshead, 
passing through its dead point, comes back to the position fixed by the 
trammel AB. Of coui*se it requires at least two men to do this, one t^ 
turn, the other to watch the crosshead. Be careful not to overshoot the 
position, beciiuse the block must be stopped dead at the place by turning 
in the direction shown, in order to avoid error due to any shvckness in 
the joints. Having brought the block to the correct position, mark the 

* See Appendix. 
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rim of the wheel with the trammel CD fix)m the centre C. The point 
B would thus be obtained. Now bisect the arc ED in the point F. 
Then holding the large trammel with one point at C, turn the shaft 
slowly until the other point drops into the dot F, The crank is 
then in the position degree, corresponding to the dead point of the 
piston. In a similar way the crank may be put in its 180 degree 
position. 




Fig. 37. Sbtting the Piston on a dead point. 

Aflsuming the crank to be placed at degree, carefully measure the 
nee of the valve from its central position by scribing the valve 
spindle with the trammel used to find the travel, and then measure this 
from a centre dot placed midway between the dots marking the 
\ of the valve travel. This quantity is the x of the above expression. 
The angular difference (f> can now be calculated from 

X 

cos = + - , 
^ r 

the — sign being used if there is angular advance, and the 4- sign if 
there is angular lag. 

Thus in a particular case where there was angular advance, x 
measured 0*96 inch when the crank was placed in its zero position. 
The travel measured 3 inches, so that the eccentricity was 1*5 inches. 
Eence 

0-96 



cos = — 



1-5 



= 0-642. 



PVom the tables this is found to be the cosine of 50 degrees, but 
ince the sign is minus it is 180 — 50 = 130 degrees. The angular lag 
vonld have been 50 degrees if the valve had taken steam on the inside. 

To measure the length of the connecting rod, place the engine suc- 
«88ively on the two dead points and measure the distance from the 
:entre of the crosshead pin to the centre of the crank shaft in each 





/ VaXves and Valve Gear MeauA,...^ 

3sition. Half the sum of these two distances is the length of tfa^ 
onnecting rod The length of the stroke can be easily measured SLi> 
ihe slide bars. 

3. The laps are to be measured fix)m a drawing showing a sectio*^^ 
of the valve in its mid-position over the ports. To make this drawing;- 

(1) Place the engine on its respective dead points by the metha 
just explained and measure the respective port openings, that is th - 
" leads." Measure also x^ and x^, the respective displacements of th- 
valve corresponding to ^ = degree and 180 degrees, in the way jus 
explained. 

(2) Take the valve out and measure the ports. This is convenientlj 
done by taking a rubbing of them on a sheet of paper. 

(3) Draw a sectional view of the ports and draw the edge of the 
slide valve in the position where it shows the " lead " when the crank i 
say at 0°. Measure the distance x^ from this edge, obtaining thereby 
the positions of the edge when the valve is in its central position, and 
working jfrom this edge draw as much of the valve in as is necessaiji^^I^ 
for the purpose in view. 

(4) Repeat for the ISO"" dead point as a check. 

(5) From this drawing all the laps can be measured. 

48. Drawing the valve diagram. Let the data be the following 'I^^E 

Ratio of crank to length of connecting rod, 1 to 5*5 ; 
Eccentricity of sheave, 1*5 inches; 
Angular advance, 130 degrees ; 
Steam lap, 0*8 inch for both cycles ; 
Exhaust lap, 0*28 inch for both cycles. 

Assume that the eccentric rod is long enough for the eflfect of i^*i^ 
obliquity to be neglected. 

1. Draw the piston displacement curve by the method of Arts, 3-^ 
or 35, preferably on a sheet of squared paper selected so that ten of tb^ 
main divisions are somewhat greater in length than the travel of the 
valve, that is 3 inches. For this particular example a sheet divided 
into square centimetres will be found convenient. 

2. Draw the valve displacement curve by the method of Art. 44, 
or plot it from the equation 

a; = 1-5 cos (^4-130), 

being careful to set out x to the right or left of the centre line TT 
^'^T to the sign of the cosine. 
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\ Rectano^jlar Valve Diagram. 
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3. Considering the instroke cycle beginning at degree, draw 
the line LL at 0*8 inch to the left of TT cutting the valve displace- 
ment curve at a and c. Transfer these points horizontally to the piston 
curve and vertically to the percentage scale for the instroke cycle, 
obtaining 

Admission, 99 J^ per cent, of the return stroke. 
Cut off, 61 per cent, of the stroke. 

Again, draw the vertical EE at 0*28 inch to the right of TT, cutting 
the valve displacement curve in the points r and Ar. Project these 
points horizontally to the piston curve and then vertically to the per- 
centage scale for the initroke cycle, obtaining 

Release, 92 i per cent, of stroke. 

Compression, 84^ per cent, of the return stroke. 

The lead measures 0*17 inch. 

The maximum port opening for steam is 1*5 — 0*8 = 0*7 inch, and 
occurs when the piston is at 16 per cent, of its stroke. 

The maximum port opening for exhaust is 1*5 — 0*28 = 1*22 inches 
and occurs when the piston is at 21 per cent, of its return stroke. 

4. Consider now the outstroke cycle beginning at 180 degrees. 
Draw the line (dotted) L^L^ at 0*8 inch to the right of TT, cutting 
the valve displacement curve in the points a^ and Cj. Project these 
points horizontally to the piston curve and then vertically downwards 
to the percentage scale for the outstroke cycle, obtaining 

Admission, 99^ per cent, of return stroke. 
Cut off, 69 i per cent, of stroke. 

Again, draw the vertical E^ E^ at 0*28 inch to the left of TT, cutting 
the valve displacement curve in the points r^ and A,. Project these 
points horizontally to the piston curve and then vertically downwards 
to the outstroke cycle percentage scale, obtaining 

Release, 94^ per cent, of the stroke. 

Compression, 79 per cent, of the return stroke. 

The lead metisures 0*17 inch, as before. 

The maximum port opening for steam is 0*7 inch, as before, and 
occurs when the piston is at 21 per cent, of its stroke. The maximum 
port opening for exhaust is 1*22 inches, as before, and occurs when the 
piston is at 16 per cent, of its return stroke. 

Finally, any position of the piston being assigned for either cycle, if 
the corresponding point be found on the appropriate percentage scale, 
and projected vertically on to the piston curve, and if through this 
second point a horizontal be drawn, as XX in Fig. 36, all the circum- 
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stances of distribution for both cycles can at once be obtained by 
considering the intercepts of the valve displacement curve along this 
line. The several events of cut off, release, compression and admission 
are indicated on the percentage scales by the capital letters 

C, R. K. A, 
a subscript dash being used to distinguish the events belonging to the 
outstroke cycles. 

49. Velocity of the valve. The rate at which the valve is 
moving can be readily found from the displacement curve. At a point 
on the curve which is at a maximum distance from the axis TT, the 
valve is instantaneously at rest ; it is in fact at a dead point. The 
more horizontal the curve becomes the greater the velocity. 

An exact measure of the velocity can be found by measuring the 
slope of the curve and then multiplying this by a suitable factor, the 
factor depending upon the scales used in the valve diagram and the 
speed of rotation of the crank. Suppose, for instance, that the velocity 
of the valve at the point q on the curve is required, Fig. 38, corre- 
sponding to a crank angle of 75 degrees. 

Draw a tangent to the curve at q and produce it to cut the vertical 
axis in Xj. Then the slope at the point q is measured by the ratio 

qxj_ 

Measuring these distances oflf, it will be found that qcc^ is 1*35 inches, 
and x^x^, 2 inches. The slope is therefore 

-2- = 0-675. 

The multiplying factor to bring this to feet per second may be 
calculated in the following way : — 

1 inch horizontally on the diagram represents p feet, say. 
1 inch vertically on the diagram represents 6 degrees. 

The time taken by the crank to turn through degrees, if the crank 
makes n revolutions, that is 360n degrees, per second, is 

Therefore one inch verticiilly on the diagram represents 

^TjTT- seconds. 
The distance qx^ represents qxi xp feet. And the distance XiX^ 
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g 
represents x^ x^ x o^aT seconds. The actual velocity represented by the 

ratio is therefore 



^-^ X (- — ^ ) feet per second. 



The quantity in brackets, which is the multiplying tauctoT, therefore 
depends only on the scales chosen for the diagram and the speed of the 
engine. 

In the present example 

p = -^ feet, since the movement of the valve is shown full size. 
^ = 61 degrees. 
Therefore the numerical value of the multiplying factor is 0*492n. 

The speed of the valve at j, that is when the crank is passing through 
the angle 75 degrees, is the slope, 0*675 multiplied by the &ctor 0*492», 
and that is 0*33w. 

If the engine crank is making 4 revolutions per second the actual 
instantaneous velocity is therefore 1'32 feet per second. 

From this it will be seen that if the slopes of the displacement 
curve be tabulated against a series of corresponding crank angles, they 
will represent the varying velocities of the valve, and these slopes can 
be converted into actual instantaneous velocities by multiplying with 
the common factor whose complete numerical value is known when the 
speed of the engine is stated. 

When the obliquity of the eccentric rod is neglected it is usually 
more convenient to calculate the velocity fix)m the expression 

v = — r sin(d-\-<l>) 27r», 
which is found by differentiating the equation for the displacement x, 
with regard to the time. Working the above example in this way, 

r = l feet and <^ = 130 degrees. 
Therefore v = - ^ sin (75 4- 130) 27m 

= 0*332/1 feet per second. 
This method is more accurate than the graphical way because the 
drawing of a tangent to a displacement curve cannot be done with 
great accumcy, though the accuracy is as a rule sufficient for all 
practical pui*i)osos. The graphical method has tbA.wiflllliigiBblloirev^^ 
that it is perfectly general and can be apji 
at pointy on any disphicenient curve, for 
curve shown in Fig. 52, which is distorted 
rocker to make it piss through the two ' 
cut offs. It may also be applied to all 
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curves given below. Before the analytical method can be applied 
^uation of the displacement curve must be known, and this cannot 
fotind exactly for the cases just quoted, though, if the form of the 
•urve ifl given, a Fourier Series may quickly be found to represent it 
riiia matter is discussed below in Chapter X. 

There are other geometrical constructions for finding the velocity of 
the valve in connection with the forms of valve diagmm given in the 
ntxi few articles, but they are based on the iussumption that the valve 
is Tooving with simple harmonic motion and therefore give the same 
fesulta as the above expression. Moreover when the solution is found 
it must be interpreted in connection with the scale of the drawing, so 
that dlU^gether the work is no more expeditious than with the general 
methcM]. 

Many further illustrations of the analytical way of calculating v will 
be found in the sequel. 

It may be mentioned that v will sometimes come out positive and 
Miiit'times negative, according trf> the value of 0. The positive sign 
denrite^i that the valve is mu\ing from left to right, and the negative 
ftom right lo left. 

60. On the variation of the elements of the gear and the 
tlTect an the distribution of steam* This may be t'jisily studied 
if the valve displacement curve is draw^n on a piece of tracing paper, 
calliug the angle zero when the displacement is a maximum in the 
jKwitive direction, or in other words plotting the curve ic = r cos a to 
i^ip^ent the motion of the valve. 

Mark on the axis of the curve the angle ^, corresponding to the 
wigular advance between the sheave and the main crank. 

Set out the piston curve with its attendant percentage scales on a 

*T*irate sheet of drawing paper. Then place the tracing of the valve 

cune over this drawing so that the vertical axis TyTi on the tracing 

c^^mrides w^ith the vertical axis TT on the drawing of the piston curve* 

'^♦^t'ping these lines in coincidence, move the tracing upwards until the 

^^k ^ is brought into coincidence with the angle zero on the axis of 

*^^ pi^ttou curve. If there is angular lag, the angle X must be set out 

*o ihe negative direction on the tracing, that is upwards, starting from 

*"* Tiii then the tracing mnst be moved downwards over the drawing 

14 the angle X on the tracing into coincidence with the zero of 

Ue pistuQ iixiM. Having adjusted the tracing to this position pin it 

I diviim nnA iww^.^1^^^ i^j-,^. diagram by adding the steam and exhaust lap 

obtaining thereby the diagram of Fig. 38, only with 

he piston curve with its attendant percentage 
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scales is on a drawing beneath the tracing on which the valve displace- 
ment curve is drawn with its attendant steam and exhaust lap lines. 

The effect on the distribution of changing the angular advance can 
be studied by moving the tracing up or down into new positions, this of 
course being equivalent to changing the angular advance. It will soon 
be discovered that although an increase of the angular advance, or 
a decrease in the angular lag, will give an earlier cut off point, yet 
every vertical movement of the tracing must be accompanied by an 
appropriate change in the steam lap if the lead is to be maintained at 
a constant amount. Also an increase of the angular advance will 
generally have to be accompanied by some change in the exhaust lap, 
otherwise the release will take place too soon and the compression may 
be excessive. 

If, instead of changing the angular advance, the displacement curve 
be changed by varying r, the eccentricity (this involves sketching two 
or three cosine curves on the tracing on the same axis for different 
values of r), it will be found that a decrease in r determines an earlier 
cut off, but here again the lap must be altered if the lead is to be kept 
constant. Similarly the exhaust lap must be changed if the release 
and compression are to be kept at the same points. 

In general the effect of changing the angular advance is much 
the same as the effect of changing the eccentricity. Neither change 
can be made without an appropriate change in the steam and exhaust 
laps, and both changes interfere with the maximum openings of the 
valve for steam and exhaust. 

The student is recommended to reproduce the valve diagram of 
Fig. 38 in the manner here explained, that is with the valve displace- 
ment curve set out on a tracing, and to study the effect of the distri- 
bution of steam caused by changing 

1. The steam lap ; 

2. The exhaust lap ; 

3. The angular advance, both an increase and decrease ; 

4. The eccentricity, both an increiise and decrease. 

In each c^-ise, study the effect of the change with all the other quantities 
constjint. Then the effect of varying two together may be tried. An 
hour spent in this way will teach the student more about the properties 
of the kind of valve gear under consideration than ever he can hope to 
learn by reading about it. 

In every case look ciirefully to the lead and assume that it must be 
kept constant. 

A 
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There are many other ways of studjdng the question, but none 
hich will give a clearer insight into what is taking place. 

Four other valve diagrams will be explained in the next few 
rticles. The differences in form all turn upon the different ways of 
letting out or obtaining the valve displacement. 




Fig. 39. Oval Diagram. 



61. The oval diagram. A way of drawing a valve diagram, 
ttiuch used by locomotive engineers, is to plot the valve displacement on 
a stroke base. This is illustrated in Fig. 39. The vertical TT now 
t^presents the stroke, and the chain dotted horizontal lines pass through 
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the piston position corresponding to 24 equiangular positions of the 
crank. Any length may be chosen for TT, and then piston positions 
for a series of crank positions may be found by either of the methods 
explained in Arts. 34 or 35. The corresponding valve displacements 
are measured from Fig. 38 and are plotted at right angles to the stroke, 
giving the points 1, 2, etc. to 24. Joining these, there results an oval 
curve which tends to become an ellipse as the ratio of the connecting 
rod to the crank is increased, until in the limit when both the con- 
necting rod and the eccentric rod are infinitely long the curve is an 
ellipse. This oval is the valve displacement curve on a piston base. 
To turn it into a valve diagram, draw LL, EE — Z,Z,, E^E^ representing 
the respective steam and exhaust laps, exactly as in Fig. 38, cutting the 
oval in the points 

taken in order. The undashed letters refer to the instroke cycle, the 
dashed to the outstroke cycle. Projecting these points horizontally to 
the percentage scale drawn about the vertical axis TT, the piston 
position is obtained for the different events in the two cycles. As will 
be readily seen the opening for steam and exhaust can be measured off 
the diagram for any assigned piston position. The lead, being the 
opening when the piston is on a dead point, can be measured off for 
each cycle at the ends of the stroke. 

The diagram is drawn for the data of Art. 48. This form oC 
valve diagram is a convenient one when the valve displacement iis 
obtained from a model of the kind where the simultaneous valuee- 
of the piston position and the valve displacement can be read off. 

62. The Zeuner diagram. This celebrated and much used 
diagram is the polar form of the rectangular diagram. If the valve 
displacement, a?, is plotted radially from the centre along the arm of the 
main crank for a succession of angular positions, as shown in Fig. 4^, 
and a curve be drawn through these points, the valve displacement 
curve takes the form of a figure 8. 

The convenience of this form of displacement curve lies in the fiwt that 
if the length of the eccentric rod is a large multiple of the eccentricity, 
the curve does not differ sensibly from two circles, touching at the centre 
0. Moreover the line AB passing through 0, the point of contact, at right 
angles to the common tangent at 0, is inclined to the horizontal repre- 
senting the line of stroke at an angle of (180 — ^) degrees, measured in 
advance of the crank, so that knowing <^, the line AB^ and consequently 
the displacement circles, can easily be set out. Of course the line AB 
may equally well be set out by measuring ^ in a direction opposite to 
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the motion of the crank, from the 180 degree position of the crank; or if 

by setting out the angle S to the right of the vertical through 0, 

The rule for drawing the polar displacement circles may be stated 
ihufl:— 

1. Set out the line AB at an angle (180 — <^) with the zero crank 
position, in the direction of rotation of the crank. 

2. Set out 04, OB respectively equal to the eccentricity r, and on 
OA and OB as diameters draw circles touching at 0. 

AB represents the travel of the valve since it is twice the eccentricity. 




Fig. 40. Polar Valve Displacement Curve. 

These two circles together form the polar valve displacement curve 
iod have the property, that if the crank be placed in any position as 2. 
tlie intercept between the centre and the curve, as x, is the corre- 
sp(»iding displacement of the valve from its central position. 

This may be proved as follows : — 

When the effect of the obliquity of the eccentric rod is neglected, 
the displacement of the valve is given by 

a? = r cos (^ + <^) 

for the usual case of outside steam admission. 
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Produce the direction of the crank arm through the centre 0, when 
it will be seen that the angle (0 + <^) is equal to the angle AOC. The 



X 



cosine of this angle is — , since the angle in the semicircle is always a 

right angle, so that a; = r cos (^ + ^). This is true for all positions of 
the crank, the upper circle cutting off x for all positions of the crank 
above the common tangent at 0, the lower circle serving to cut oflF x for 
all positions below the common tangent. 

The position of the crank for the various events can be found by 
fixing the points on the circles where x is equal to the respective steam 
and exhaust laps. This is most conveniently done by drawing arcs from 
the centre 0, with radii equal to the steam and exhaust laps respectively, 
Fig, 41, cutting the circles in the points 
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Tho v\v>;/, ^,,uiv, vl^nxv. t:\ v.\ . :>,:\-;;ch :hi-:?JO }x>ints fix the angular 
jvvMt'.xNUN v^t ',1^^ s-v.^j^K vN t^\^x\^:^i;u< vo the oiirhi events of the two 
oxv^U^N i\^^Nu^i t,M iv.M,*!*''**^ ^^ {v>ei^iivNii i\! ihe cx^udk Oc; the 
^v,>jnI»vn -.,. u; ,N <i\x^u I i)ii$ vii i\);wd lo the steam lap, 

c.r,a ;h.^ .v.N^^.uvmov* llMlv4k>4r^ cwt off is just taking 
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The iKirt opening for steam on the instroke cycle is the intercept on 
erank artn between the displacement curve and the arc ac. The 
opening tor exhaust is the intercept on the crank arm between the 
displace ment circle and the arc rJfc. The oiitstroke cycle can be similarly 
Insaxed. The leark for the two cycles are the respective intercepts when 
Ike cmnk is in the degree and the 180 degree positions. 

The corresponding piston positions are projected from the crank pin 
itions, by the curved ares shown in dotted lines, on to the diameter 
the crank pin circle which is taken to represent the stroke. 
The ease with which this diagram can be constructed has led to its 
eit-ensive use. It must not be overliwked that the displacement curves 
8u^ only circles when the obliquity of the eccentric rod is neglected. If 
tfam ia great and requires to be taken into acei>unt, the curves then take 
^ long to draw as in the rectangular form of the diagram, since they 
must he set out by actually finding values of ^ corresponding to a 
^rm ut cnink angles, and then plotting these several values along the 
cmnk arm in its various angular positions instead of plotting them on 

Fig. 41 is dmwn with the data of Art. 48. 

S3, The Reuleatix diagram* In the explanation of this and the 
Mt^wing diagraru it is more convenient to use the sine form for the 
^!ve displacement. Thus, since ^^90 + 5, 

ii? = r cos (^ + S + 90) ^-v sin {8 + S). 

Thi^ peculiarity of the Reuleaux diagram, Fig« 42, is that the angle 
Li set I nit below the zeifo position of the crank, so that when the crank 
•* in any position OQ, the angle QOD is equal to {8 + S). The perpen- 
^lictilar Qf9, from Q on to OD, the radius of the circle OQ being equal to 
f the eeoentricity, is therefore equal to 

r sin {& 4- S). 

The pooitions of the crank can be found for the varioua events of the 

**JTjkt' by finding those positions at which the perpendicular is equal to 

^<-* n»spective laps. This is most conveniently done by drawing QxQ^ 

alWI t« OD at a tlistance from it equal to the steam lap, and Qj,y^ at 

^distiuiee on the other side equal to the exhaust lap. These lines cut 

fitcle in the jMiiiits Q^, {^,j, Q^, Q^, and these points fix the crank 

ionB for the corresponding events, admission, cut off, reloase and 

ftpripasion. The positions for the instroke cycle only are shown. If 

'W'lc lie taken to represent the path of the cmnk pin to scale^ 

^if- Qi. Vi, represent the positions of the crank pin. Considering 

^^ cmnk p*ii*ition (/,, for instance. Q^P^^%^%m{6 ^h), is equal to the 

5-a 
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displacement for that crank position, but this distance is equal to the 
steam lap, and the displacement is decreasing ; therefore cut off is just 
taking place. 

The opening for steam or exhaust for an assigned crank pin position 
is equal to the length of the perpendicular from the crank pin on to 
OD minus the appropriate lap. Hence the lead is Yound at once by 
dropping a perpendicular on to OD from the zero position of the crank 
pin and measuring the distance between the line QiQ, and the crank pin. 




Rbuleaux Diagram. 



The corresponding positions of the piston with reference to the 
centre of the stroke are exhibited by the horizontal distances, Qi^i, Qs^s, 
Q»9»» Qa9a* between the crank pin positions and the arc drawn through 
the centre with radius equal to the length of the connecting rod. 
See Art. 37. Or, of course, they may be projected on to the diameter of 
the circle, by arcs, as in the previous case. 

The diagram is drawn for the data of Art. 48. 

54. The Bilgram diagram. This is a diagram of the same type 
as the previous one, only here the angle S, Fig. 43, is set up ftt>m the 
180 degree position of the crank in a direction opposite to the direction 
of rotation of the crank. A circle is drawn from 0, with radius equal 
to the eccentricity, thereby fixing a point Q. Suppose the crank to be 
placed in any position defined by the angle 0. Produce the crank 
through 0, and it will be seen that the angle this direction makes with 
the line OQ is equal to (^+S). Hence, a perpendicular QS from the 
fixed point Q on to the crank is equal to r sin (0 + S), and it therefore 
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represents the valve displacement. In the crank position 0^ the crank 
is at right angles to QO; QO is therefore the valve displacement. 
Between the angles 0^ and 0^ + 180 degrees, the foot of the perpen- 
dicular &lls on the crank arm itself, as shown for the angle 0i. 

If circles be drawn from the centre Q with radii respectively equal 
to the steam and exhaust laps, the crank positions for the four events 
of the instroke cycle are fixed by the four tangents which can be drawn 
to these circles from the point 0. Consider the event of " cut oflF," for 
instance. The valve displacement is given by Qs^ and this is clearly 
equal to the steam lap, therefore the crank is in the position correspond- 
ing to cut off by the valve. 



160' 




Fig. 43. BiLGRAM Diagram. 

In the position 0i, Qsi is the displacement of the valve, and Qp^ is the 
steam lap; therefore the difference piSi is the opening for steam. When 
the crank is at zero, Qs is the displacement, and Qp is the steam lap ; 
therefore ps is the lead. 

No difficulty will be found in following the crank positions from the 
figure which is drawn for the instroke cycle with the data of Art. 48. 

The piston positions A, (7, R and if, are projected from the crank 
pin positions 1, 2, 3 and 4, by the arcs shown. 
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Design of the Gear to fulfil Given Conditions. 

66. Dettrmtnatioii of the displacement curve to pan 
throuf h two glTen points. A study of the valve diagram, Fig. 36, 
will show that, for a given gear, the xnlve displacement curve can be 
drawn when the two constant quantities r and ^ are known. 

It is a mathematical principle that a cur\'e involving two constants 
for its specification may be made to pass through tjro given points. In 
this case the constants r and ^ are connected by the relation 

*«rco8(d + ^) (1), 

finom which ,r, the variable displacement^ can be calculated when the 
value of the other variable 6 is assigned. Hence, following the principle 
stAt<Hi abi>ve, the displacement curxe may be made to pass through any 
two Joints P and Q, Fig. 44, taken within the limits ^ = and 360 
degrees, by suitably fixing the values of r and ^ 

Each of the two ]x>ints P and Q requires two quantities to specify it, 
namely, the angle 6 and the displacement «• : st> that, in general, valve 
gear problems in which the motion of the valve is not sensibly affected 
by the obliquity of the ecc4:^ntric rod involve, primarily, the considera- 
tion of six quantities, of which four must be given and the remaining 
two are t'O be found. 

Let two pt->intK<5 P and Q be given. P being specified by the angle ft 
and the displacement sc^, Q being specified by the angle €n and the 
displacement a\. The angles an- measured as alwcissae from the 
]wnt (). The m«»st convenient way t.i» find 7* and <^ is to substitute the 
given values o1 i?- and 6 in equation ( 1 ). getting thereby two simultaneous 
(equations in /- ami (h. Tht- soluti«»Ti of tht^st^ equations will give the 
valnos of r and <^ requin'd. A gt^onirtrienl s<»lution may however bt 
given here. OonsidtT Fig. 44. which, assuming the solution, shows the 
eec^'ntric radius in the positions I>A and 1>H, corrt^jumding with the 
crank angles f?, and B.^. The key t«» the solution iii>s in the circum- 
stance's that. \i AB is joined, ABl) is an isosc.eh^ triangle whose vertical 
angle is {8.,— fi^) and that the base AB is divided in C, so that 

AC : CB — x^ : X.J, 

and that the initial line hT, from whic.li the crank angles are measured 
is at right antrlev t«> 1>C. Th( geonietriciil ]irobleni is therefore to draw 
thi^ isosc«'le> tnaneli luivinc friv«'ij tht vertic^il angle and the ratio of 
thr s^'ginents n! i.])« hasi . Tlit construction is as follows: — 

1 >ra\\ Fill 4^) anv isi>sce^ \ ABB, having a vertical 

angle e, -oi v: e.'^e -oiws m^w tte 
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Divide the base at (7 in the ratio of the given displacements s^ 
and x^. If «i, x^ are of unlike sign, divide AB interiorly: if d 
like sign, divide AB exteriorly. 

Join DC, and born the apex D draw a line i)F« at right angles 
toiX?. 

Then DA is the eccentric radius to the scale on which CA 
represents the displacement Xi. 

From DV^ set out the angle 0i. Then ViDA is the angula 
advance ^. 

If P and Q are plotted on a polar diagram, as in Fig. 40, the probler 
resolves itself into the drawing of a circle through three given point;: 
namely the points P and Q and the centre 0. 

56. The determinatioii of the diiplacement curve to paa 
through one given point. If either r or ^ is given, the displacemen 
curve can only be made to pass through one point. The constructio 

is then, assuming r to be given: — 

' Draw a circle with the give 

radius. Fig. 46. 

Let 01, Xi define the give: 
point P. 

Draw a line through P, paralle 
to TT, to cut the circle in point 
Pi and Pj. The two points o 
intersection show that two solu 
tions are possible. Which o 
the two is that required is to b< 
determined from the conditions o 
the problem. Let pi be takei 
in this case. Join pitoO, Fron 
OV set out $1 the given angle 
Then (f) is the required angula: 
advance. 

If <t> is given and r is to b< 

found, set out the angle ^i + ^ 

from the initial line OV. Set oui 

Pi«. 46. ^^ equal to the given value o 

Xi, and then a perpendicular U 
OV, thri>ugh P, will intersect the line Opi in pi, fixing thereb) 
the radiuH Opi. 
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67. Qu&iitlties which determioe points on the displacement 
OirTt. IiJ valve gear problems, the giving uf the angle uf the cniiik 
il which a definite event of the distribution takes place fixes tine af the 
<|uaittitie8 neoesasaiy to define a point through which the displacement 

ciirre must pass : the nature of the event detenuines the displacement 

oorreijpjnding to this angle. Thus if 

if is the crank angle at cut off, the diBplacement is equal to the ateam 

tup. 
if is the crank angle at release, the displacement is equal to the 

vxhnust lap. 
it is the crank angle at admisgion, the displacement is equal to the 

steam lap. 
h ^ the cmnk angle at compression, the displacement is equal to 

the eibaust lap. 
S» h the crank angle at a dead point, which is either or 180 degrees^ 

the displacement is equal to the lap plus the lead. 

Heace if any two of the above pairs of values be given, the construction 
of Art. 55 may be applied to find the constants of the displacement 
curve which will pass through the points defined by the given data. 

If the data given are equivalent to the fixing of three points on the 
^placement curve* the problem is impossible with the foiTu of displace- 
nieGt curve under discussion. If one point only is specified, the solution 
^ indefinite in the sense that the number of solutions is infinite. 
In this ease one of the constants may be chosen, either r or ^, and the 
pit>blem then becomes the definite one of Art, 56. 

58, Design problemi. Since six quantities are primarily 

"^nc^^med with valve jiroblems, it will be obvious that a lai^e 
number of exercises may be manufactured in which four of the six 
^ given and the remaining two have to be found. In many cases 
^h<j value of the displacement corresponding to given angles has to be 
fotiofl from known relations existing between the displactements them- 
•dtes. The problems presented in practice, in connection with the 
*^wign of a valve gear, are however restricted to a few, and in 
Mviiig them geometrically it is well to keep in mind the relations 
^fcing between the various constants of the gear and illustrated in 
ng. 47. Thus, if 01^ represents the crank at a dead point, and Oq 
the eccentric radius^ the prcjjection of the radius, namely 0^,, is equal 
to the valve displacement from its centra) position, and this is equal 
t^ the steam lap plus the lead. Further if Oa represents the position 
of the eccentric radius at admission, the projection, OL, repreeents the 
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displacement of the valve at admission, which is of course the steam 
lap ; moreover, if the projector be produced to cut the circle at c, Oc is 
the position of the eccentric radius at cut off. Similarly Ok, Or are the 
respective positions of the eccentric radius at compression and release, 




Pig. 47. 

OE being the exhaust lap. The lines ac and kr are parallel, and both 
are bisected at right angles by the line, VO produced, which marks 
the zero position of the crank. Two problems are of particular 
interest, one of which may be stated as follows : — 

Problem 1. Given the crank angle at cut off 0c, the lead, 

and the eccentric radius; find the steam lap and the angular 

advance. 




Fig. 48. 

The solution of this depends upon the facts that the angle turned 
through by the eccentric radius from the position corresponding to the 
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ptjdttOEi of the cnmk up to cut off is equal to $f ; that the 

■ ^ r. of tJie crank at zero, produced, bisects the acglc between the 

■ ic mdins at admission and at cut off; and that the projection 

dthe eccentric radius on the zero position of the crank, producedi is 

eqoal to the steam lap. Hence the following construction, Fig. 48 : — 

Draw a circle with the given radius j\ and set out two radii 
Oq^ 0(7, to contain the angle 0^, With mdius et[nal to the lead, 
draw a circle from q as centre ; and from draw a tangent to it, 
Iting the eccentric circle in u. Bisect aC in X and draw LOV, 
}V m the zero position of the crank ; VOq is the angular advance ; 
and OL is the steam lap. 

from these, and the given data, the valve displacement curve may 
:m* §et out and the various events of the stroke determined. The 
j»lacenient curve being now fixed, the exhaust lap may be arranged 
Bdetermine either release or compre^on at a stated per cent* of 
TO itroke. 




I 



The second problem is in particular called the design pmbleni. 

Problem 2* Given the crank angle at cut off 8^^ the lead, and 
the maximum opening of the port for steam ; find the eccentric 
mdius, the angular advance and the steam lap. 

twill be noticed that the data specify no point on the curve in 
tieular. Two angles, namely 0^ and 8^, are known, and the displace- 
its corresponding to them have to be found from known relations 
iting between the displacemc*nt% at cnt off, maximum opening, and at 
dead jxiint. The geometrical problem here is: given three parallel 
5 uf indefinite length, as QP, qq^, aC, Fig. 49, to draw a circle 
iching one, of such a radius that the extremities of a chord in it, 
'tending an angle 0c at the centre, rest respectively on the remaining 
of the three parallels* 

Construction, Fig. 49 : — 

Draw a circle of any radius, and set out two radii Oq, OC, 
contain the angle S^. Produce the chord C'q to Q, taking Q so 
^Uit if Cq represents the lead, qQ represents the maxiraum opening. 
In the figure the maximum opening is taken equal to twice the 
lead only, in order to bring the point Q within the limits of the 
r p^ge. Ordinarily it would be from 8 to 10 times the lead. From 
H Q» draw QP tangent to the circle, and join P to the centre 
^^HB3d produce it to F, F is the aero position of the crank, and 
^^Hk angle VOq is the angular advance. 
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Through the points q and C respectivelj, draw lines parallel to 
PQ cutting OP in L and 9,. Then OP represents the eccentricity, 
LP the maximum opening, and OL the steam lap, the scale being 
fixed by the given value of the maximum opening LP. 




Tig. 49. 

HoiKv it* /V Iv dniwii ;it ,^nv an^rlo :v^ PV, and Ps he set out equal to 
the ijix^n maximum .^jvuiUar. tho ^wnilUIs :o '^v/-. namelv Ls and Ot, 
cut v»rt' A loni::h ^< irivuii: :ho u^p r\:\|uir\\i. and :ho length Pt giving 
the txw urrio rAdiu:> tw^uirvvl rh^:^ CN'^n U\ivi :s ^^jiud to r«. 

The dis:4dvau:A^^ ot' :his vv:is:ruo::v^:i .s :hA:. when the maximum 
ojKUiiug iii A Urve ir.ulttple v t' :he VvUi. :he jvin: Q fidls at an 
iuv-viuenieiitlv ^rtwi: vi.su^r.vv tiviu ;. 

The Hili:auu dt.^^r.itu. Ar:. C»4. ma\ Iv U5*:vi :o soi\-v* this problem, 
and ihou^rh iK>t :>:rieuv a ^xmne^lrtoU s*.HutiotK i: b a very good 
pnio:ioHl eue. 
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The problem consists in the drawing of the Bilgram diagram, 
Fig. 43, having given the lead p«; the crank angle at cut oflF; and the 
maximum opening OM. The construction is as follows, Fig. 50: — 

Set out the position of the crank at cut oflF, OC ; draw a circle 
with radius OM equal to the given maximum opening, and draw 
qq parallel to Fj at a distance from it equal to the lead. Find by 




i-J-V 



trial the centre Q of a circle which will touch OC, qq, and the circle 
OM. Then QM is the steam lap. The angle QOFi = S = </)- 90 
degrees, and OQ is equal to the eccentric radius. 

A way of solving tliis problem analytically is given in Art. 75. 

69. A4Iuitment of the inequalities of distrihution hy means 
of unequal laps on the slide valve. Comparing the results obtained 
for the two cycles in Art. 48, it will be seen that, owing to the shape 
of the piston displacement curve, the corresponding events of distri- 
bution take place at different percentages of the stroke in the two cycles. 
It will readily be seen, or can easily be tested, that if the piston curve 
were a true cosine curve corresponding to an infinitely long connecting 
rod, this inequality in the two cycles would not exist. In practice it is 
not possible to use connecting rods long enough in relation to their 
cnuiks to make the difference between the true piston displacement 
carve and a cosine curve negligible, so that this inequality must always 
be reckoned with. 

It will be apparent from the valve diagram, Fig. 38, that if the 
lap line LL be moved slightly to the right or left of its position, 
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the cut oflF it determines can be varied a few per cent, of the stroke, 
but that this cannot be done without at the same time changing the 
percentage of admission, and, what is more important, the lead 
Similarly a movement of the exhaust lap line EE will cause a change of 
the compression by a few per cent., changing the release point, however, 
at the same time. By making the exhaust laps, therefore, unequal, 
it is possible to adjust the event of compression to equality in the 
two cycles. Also the events of cut oflF in the two cycles may be brought 
towards equality by making the steam laps unequal., but inasmuch as a 
diflference of steam laps means a corresponding difference in the leads of 
the two cycles the difference between the steam laps cannot be made 
very great. 

Applying this method to the valve diagram. Fig. 38, for the adjust- 
ment of the compression of the outstroke cycle to equality with the 
compression of the instroke cycle, take the point m at 84J on the 
appropriate percentage scale; project this vertically on to the piston 
curve at n, and project n horizontally on to the valve displacement 
curve obtaining the point p. The distance pq is the required exhaust 
lap, since it represents the displacement of the valve from its central 
position when compression is to take place. This measures 01 inch. 
To find what change has taken place in the release in consequence of 
this adjustment, draw the vertical pt cutting the valve curve in t 
Projecting t horizontally on to the piston curve and then vertically on 
to the appropriate percentage scale, it will be found that the release has 
been changed from 94J per cent, of the stroke to about 92^ per cent. 

Obviously the release points could have been adjusted to equality in 
the same way at the expense of the compression. 

It will be found from the diagram that if an attempt is made to 
bring the *' cut offs " to equality at 61 per cent, in the same way, the 
lap must be changed to 1 inch approximately, obliterating all the lead 
of the outstroke cycle. All that can be done therefore is to make 
the difference in the cut offis less pronounced by introducing as much 
inequality in the steam laps as the leads will allow. 

60. On the adjustment of the inequalities of distribution by 
means of a rocking lever. Pairs of corresponding events, namely 
"admission" and "cut off," or release and compression, and in a par- 
ticular case all the four events, may be made to occur at equal fractions 
of the stroke in both cycles by the introduction of a rocking lever in the 
manner shown in Fig. 51. The effect of the rocking lever is to distort 
the valve displacement curve slightly so that its ordinates have the 
proper lengths to determine the events at equal fractions of the stroke 
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►«t intrtxliiciiig an inequality ia the laps. The distortion of the 
%t i» very little in the neighbourhood of the dead points of the 

I iici that the leads of the two cycles are not sensibly diffemnt. 

The method of designing the rocking lever to effect the necessary 

mn of the displacement curve is tentative. The gear is first 

^ be designed in the usual way to give a stated distribution of steam 

<m« cycle. Then the design of the rocking lever to adjust the 

nts of the other cycle, say '* admission *' and '* cut off/' t^:* the 

ited ftttctiotis of the stroke depc^nds upon the fact that "admission " 

! '*cut off** occur when the valve is at the same distance from its 

flnilral position. Hence so far lus the jjosition of the valve is concerned, 

Kithoiii having regard to its din^ction of motion, the valve spindle crosa- 

Ibtiadis in eacactly the same pf>sitioa relative to the fixed fi^mework of 

Itbe engine at the instants when either of these events occurs* (See 

[Rg, 10*) Bnt the eccentric sheave occupies different angular positions 

[fa the two cases* In the one case the rotation of the crank shaft tends 

increase the displacement of the valve, in the other it tends to 

it. The first step in the design is to plot the eccentric sheave 

p, and p.^, Fig. 51, in the positions corresponding to admission 

8nd cut off for, say, the instroke cycle, and using these points as centres, 
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lHg^« 51. RocKiNo LsvEn to equalise cut off and admission. 



fix the c4jrres]>onding p:fsitioo P of the end of the eccentric rod by the 
Bterseetion of two ares, each drawn with a radius equal to the len^h 
fthe eccentric rod. Do the same for the other cycle, fixing the position 
[of the end of the eccentric rod. If a rocker is introduced, so fiituat<>d 
projKirtioned that, whilst the arm coupled to the eccentric nid stands 
idway bt'tweeo the jxjsitions F and Q, the arm coupled to the valve rod 
[at riglit angles to the line of stroke of the valve, the adjustment is 
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accomplished, providing that the travel of the valve, as determined by 
the ratio of the lengths of the arms of the rocker, is consistent with 
the steam lap. That is to say, when the arm coupled to the valve rod 
is in either of the positions corresponding to P and Q, the valve must 
have a displacement to one or other side of its central position equal to 
the steam lap. 

To illustrate this, take the data of Art. 48 and equalise the admission- 
and cut off for both cycles. The data determine the following distri- 
bution of steam for the instroke cycle : — 

Admission 99^ per cent of the stroke. 
Cutoff 61 

Reloju^^ 92i 

Compression 84^ „ „ 

The pi\>blom is to design a rocking lever which will distort the 
valvo disphuxMuent curve so that admission and cut off take place at 
5H>J and t>l per cent. n^sptH^tively in each cycle, keeping the steam laps 
for Ixuh oYclos 0*8 inch. 

^n St^t out the crank in the four positions corresponding to 
I ho given data, as shown in Fig. 51. where the fall lines refer to the 
|K>sitious for the instn>ke cycle, and the dotted lines to the out- 
strv^ko cycle. 

V-^ S^'l vHit the wn\*spi^*nding portions of the eccentric sheave 
by movisurinj^: iho .^n^uK^r ;ui\-anoe. 130 degrees, in front of each 
orAuk jvxsitivui. Tho jvnnts p>_ And /v indicate the centres of the 
t\\vi\Trto sht\ivo tor :ho rxsjvorive event* of admi^ion and cut off, 
tastr>>ko owU'. Similarly the j^nnrs q>^ and q. fix the eccentnc 
shoa\e vV!i:r\s for .vi:uisc>ion aim cm: off t>.>r the outstnAe cycle. 

^r^^ \V;:h vvn:r\»s f« a:ivI t^. r^Ls^t^vtively and radius equal to 
:ho !vv.i::h or :h'.' cvwr.tru- rxt ,i5^:::u^^i tor :he pur[x«ies of this 
v\.i!v-iv. tv^ Iv !• ::v/h^>. alth. i^^- ^^y rjuii*is may be taken 
,;>\\ -ixi *'.^ '.o o'.Tviiv.srAiKvs <:T:kt jir.-^ ir::er«er::Lng in P. With 
,vv.i:v> , ; *vsi\v::\'.!>i .\:\vt ^::h Tht: su^l:^ rahdiu^. strike arcs 

Vv .'•. ' .^- iv*-^ : " ", *"v'<.r ,-» .:v :»*. :• th*: -x-oen'rio nxi must 
....^^ ... ^.. ... .. ^ ,. . ^ . ,. . yii>5-;"^ \^r. •i^'^ :ii- points P and Q. 

.* • -^ ."V >*'^ '■•^A V V'*. "^^ . • :•>?<•,•- :-T^ 5\* a: rl^: angles. 

r^*. .v*->. . ^. ^* V V -\: ^\vr "-.ix :\ :ujS..v jLL^v^anrrv in. this Une. 
^ ,*.><■' i. S >*-• :hv4: :i«: jctj: v!i.^<ipt»?d to the 
^; v x> A^u^. Ftvui 2 drtii* i y^ rtvcsdisL'TiIar 5o the 
.-"c ^;Ai> ^ nife ntiag 55^ -ii^ .va^re line •M the 
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The travel of the valve depends now upon the ratio of the lengths of 
the two arms. In the figure the second arm is taken such a length 
that when the arm coupled to the eccentric rod is in either position, 
P or Q, the horizontal distance between the end of the second arm and 
its mid position is equal to 0*8 inch, the steam lap. 

This adjustment cannot be made without disturbing the events of 
release and compression in both cycles, but in general they are brought 
nearer to equality by the introduction of the rocker. 

The valve displacement curve after the introduction of the rocker is 
shown in Fig. 52. The dotted curve is the displacement curve without 
the rocker, that is, it is the curve of the diagram, Fig. 38, where it is 
asBumed that the motion of the valve is simple harmonic. 

It will be noticed from the valve diagram that, although the distorted 
displacement curve brings the events of the stroke into better agreement, 
the maximum displacement of the valve on either side of the centre line 
is unequal, resulting in unequal maximum {)ort openings. 

The advantage of this method of adjustment is that it may be made 
without sensibly interfering with the leads of the respective cycles. 

Release and compression may be equalised in a similar way. The 
point jR, Fig. 51, shows the position of the end of the eccentric rod for 
release and compression at 92J^ and 84J^ per cent, of the stroke re- 
spectively for the instroke cycle. S is the position of the end of the 
eccentric rod for release and compression at the same respective fractions 
of the stroke for the outstroke cycle. If the rocker arm moves in an arc 
of a circle through the points R and S, the equalisation of release and 
compression is accomplished. 

A particular case arises when there is no exhaust lap, because in 
this circumstance the points R and S merge into one point, U say. 
There will therefore be only three points on the diagram, namely P, Q, 
' wd 17, defining the path of the end of the rocker arm for equalisation of 
*ll the events. The centre of the circle through these points fixes the 
' centre of the rocking shaft uniquely, although with some data the 
^meter of the circle is too small to enable a practicable rocker to be 
designed with its axis at this centre. 

This method was first used by Professor Sweet and incorporated in 
the design of the Straight Line Engine*, the first of which was designed 
as an experimental engine for Cornell University. 

6L The effect of a rocking lever on the angular advance 
of the eccentric sheave and on the steam admission. Angle 

* Profcflior Thurston, Stationary Steam Enginetj J. Wiley and Sons, New York, 1S84. 
Bee alM> an article in the American Machinist for March 14, 1SS9 by F. A. Halsey. 

D, V. 6 
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Pig. 52. Valvb Diagram showing tv 
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The StiHjde EcceHtric Gear 



83 



etween centre line of maio gear and valve gear. A rocking 
- sometimes iLsed merely to transter the motion of "the end of the 
ic tod to s. valve rod raoving in a parallel plane, or to alter the 
i&ectioD of motion of the end of the eccentric rod in the same plane, or 
tor htith jMirposes combined. If the arms of the rocker in the first case 
are on tho same aide of the rocking shaft, as in Fig. 51, or if the angle 
between the anna is equal to the angle between the two directions of 
motion in the second case, no change is necessary in the general angular 
pflitiyn of the eccentric sheave in relation to the crank. Of conrse in 
tstlier case the angle between the arms of the rocker may be adjusted 
•lightly for the purposes of the last Article. If the arms of the rocker 
" 'iced on opposite sides of the central shaft, the distribution of 
i^ that due to an imaginary eccentric keyed exactly opposite to 
the actual eccentric. If the rocking lever in Fig 51, for example, had 
Wa loafle with the anns oppositely placed, as indicated by the dotted 
*^)d. the distributiun would be that due to an imaginary eccentric sheave 
bjr«l 50 degrees behind the crank. But such an eccentric sheave can- 
not effect a proper distribution unless the steam is admitted on the 
inside of the valve, see Figs, 34 and 35. Hence this change in the 
mils involves a change from outside to inside steam admission. 

If outride steam admission is to be retained along with the use of a 
ftkcktr with oppositely placed arms, the eccentric sheave must be keyed 
«ii the shaft in such a position that the imaginary eccentric sheave 
siajids at the proper angular advance in front of the crank to determine 
^^ steam distribution with outside admission. Figs. 32 and 33 may 
w taken to represent the general angular positions of the imaginary 
^«>?fttric sheaves which determine the distribution, and therefore the 
*^tiial Bhea%^e must be keyed on at exactly 180 degrees from the positions 
giT?m If, fur example, the rocker of Fig, 51 had had oppositely placed 
*nij8, the actual eccentric wonld have an angular lag of 50 degrees, 

la general, if a rocker is introduced with arms on the same side of 
'Jie centre, the general eccentric sheave position for a stated direction of 
^Volution and steam admission is to be chosen from the Figs, 32 and 35. 
^ a rocker is intrt>duced wnth arms on opposite sides of the centre, the 
*toal position of the eccentric sheave for a stated direction of revolution 
^A state<i sU*am admission will be exactly opposite the positions given 
iij Fi^, 32 to 35. 

Sometirne-s the centre line of the valve ge^r is placed at an angle 
frith the centre line of the main gear for constructive convenience. In 
*uch cases, if there is no rocking shaft interposed between the eccentric 
ttA and the valve, imagine the two centre lines brought into coincidence 
by a turning motion about their common intersection in the crank axle, 

6—2 
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and deal with the design of the gear or its examination by the metl 
given, remembering that the angular advance now used is the ac 
angle between the main crank and eccentric diminished or increased 
the angle between the centre lines. 

62. The design of the steam ports and passages. The m 

mum area of the steam passages is usually adjusted so that the st( 
shall have a velocity of from 4000 to 6000 feet per minute, thougl 
special cases the greater of these figures is exceeded, and in ot 
cases the smaller figure is not reached. 

Neglecting the steam shut in the cylinder at compression, the vein 
of steam which has to be pushed out of the cylinder by the piston aJ 
release is practically equal to the eflfective volume of the cylinder its< 

Let A be the area of the cylinder in square inches, 

V the average piston speed in feet per minute, 

V the average velocity of the steam through a cross sectioi 

the steam passage whose area is a square inches. 

Then the cubic feet of steam pushed through the exhaust passage 

VA 
second is --jj cubic feet : and neglecting the effect of changes of t< 

perature and changes in the dryness of the steam, this quantity m 
be equal to ra/144, hence 

VA=va (1 

VA 
so that a = (2 

V 

The area of the steam passage is thus a fraction of the area of 
cylinder, the value of which depends upon the piston speed. 

With a piston speed of 600 feet per minute, the area of the sU 
passage must be 1/10 of the cylinder area, if the steam is to have a ra 
velocity of 6000 ft. per minute ; and about 1/7 if the limiting velocit 
4000 ft. per minute. 

With slide valves the area of the minimum cross section is commc 
the area of the steam port at the entrj- to the cylinder. The pass 
itself is usually somewhat greater in cross section than the miniii] 
determined from equation (2). 

The width of the steam port is small in order to keep the trave 
small as possible. The cylinder can be suitably designed if the len 
of the port is made about from 08 to 0*9 times the cylinder diamc 
Calling the length of the port rf, the width is a.d square inches. 
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The opening for steam is usually made about f the full width of the 
port, so that the steam opening may be written 

s <^)- 

With piston valves the minimum area of the steam passage does 
not usually occur at the port entry but in the passage. If the nett 
circnmferential width of the piston valve be taken as the length of the 
port, d, it will generally be found greater than the cylinder diameter. 
Hence in calculating the velocity of the steam in the case of piston 
valves it must be remembered that the velocity through the passage is 
in general greater than through the ports of the liner. 

The value obtained firom (3) is the maximum opening for steam. 
Kxing now the lead, the cut off, and the compression, the appropriate 
valve diagram yields the outside lap, the travel, and the inside lap. 
The two latter quantities are required for the design of the width of 
the exhaust port. 

The steam escaping through the steam passages from the cylinder is 
guided by the inside of the slide valve into the exhaust passage through 
the exhaust port. 

As the valve slides to and fro over the ports, the inner edge, A, 
regulating the release and compression, for say the instroke cycle, moves 
alternately towards and away from the more remote edge, B, of the 
exhaust port. When the edge A has moved as far as it can go towards 
the edge B, of the exhaust port, the area for the passage of the exhaust 
steam is a minimum. When designing the width of the exhaust port, 
care must be taken that this minimum width is not less than the width 
of the steam port. Usually it is made considerably larger. 

Let j> be the width of the steam port, 

6 the width of the bridge separating the steam port from the 

exhaust port, 
X the width of the exhaust port, 
/ the inside lap of the valve, 
t the travel of the valve. 

Then when the slide valve is in its mid position, the edge A is distant 
(«+6- i) inches from B. The greatest movement that the edge A can 
Duike towards B is half the travel, ^/2. Then the minimum exhaust area is 

where j is a number which should not be less than unity. If g^ = 1, the 
minimum width is equal to the width of the steam port. Solving for x 

we have 

iC = p5 + «/2 4-^-6 (4). 
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No difficulty will be found in arranging these formulae for inside 
admission. 

63. Valve setting. The final adjustment of the valve gear to 
bring the centre of oscillation of the valve into its correct position 
relatively to the ports is technically knoi^-n as valve setting. A reference 
to the valve <liagnim will make the object of the process clear. Suppose 
the valve displacement q\\t\q to be drawn on a separate sheet of tracing 
paiKT« whilst the pisti>n displacement cur\'e and the steam and exhaust 
lap lines are drawn on a sheet of drawing paper as described in Art 50. 
Then the ]>lacing of the tracing of the vertical axis of the valve di»- 
plrtoemont cur\e into coinciik^nce with the axis of the piston cun'e is 
iHiuivalont to the Slotting of the valve so that its centre of oscillation 
is in the pn>ivr jx^ition with regard to the ports. If the tracing be 
moved a slight distamv laterally, thus throwing the vertical axes out of 
a>inoiilenoi\ it will Iv found that the quantity most sensitive to tbe 
disturlvuuvs is the load. Hence the method used in the workshop ^ 
sot the valvo is to adjust tho length of the valve spindle, or valve rod, 
until tho valvo hiis statoil K'ails for each cycle. 

To jvrform tho adjustment. s<^t the crank at a dead point posit i^^'^ 
by tho mothinl of Art, 47. or by a methoii similar in principle; th^^'^ 
adjust tho louijth \>i tho valvo spindle until the lead at the steam po*^» 
ivrt\^s|vmdinv: ^^ith tho dead oontro jH»sition of the crank, has a specific 
\aluo. Now pliuv :ho cnmk in thr other dead \KAni jxisition aX^d 
moasuiv ti.o liMui ot :hv \,i'.\r ;v: :hv o. rrtsjv-nding p^^n. It should tn? 

h.%: IV rt- Tht iuijusimt-nt is to bt- rotri*-^ 
^'^^\::.l^:. A.'.h-^h :: should n»it bt- fi »^' 
« :*! '.; !".4:'"-. r. >":ch:'y whtu working in tt**^ 
-j: .'. >>.^h: :"r..i:.^. :r. :ht- leads, and thi ^^ 
; N^::::.^ 1: .: :s :.::r.d atTier repeat^^^ 
...,-> : :>.. >y<:.r.;v: a:v. ::-.:s .x\::n>: K- obtained*' 
.: ::'. v\\\v.::./ ^>;o.; >..»> r. : l>c-tr: placed on th^ 
•.. :"':*^' ,".-■.:-.■.: .;v..■,:■.,^ Tlv.s iv in: should b«^ 
; , \ .::;«• * \: : :•', n\. ■.; .i>i^s;\ -i": OMrve. vertically. 
'.V ... • . xv.\ .-, ■.:: :..". *.; . ::v.-r-: aIw.-u-s ojirt*- 
^. ,: - \ .v.- Av. A.:;:>::nrr.: of the 

. ^ . > . ^. • .-': :*^^ : :>:• v^Cvr :.;• K- set 

• "^ V .^. .•,•:•.■:-:.:;.- : :hr shc.wt- will 

' •' -\.,- ■ ^ :".-./ ..-> >. >:.:.i:T.^i fr.-m :he 

.\ .''^<r\KxL*Sftki >v,:\v: > • . ^^^ ,-\*,: .: :>.: v^ve chest 
■« '-"^'^ W^rxxi ? r . .:s. .'.'. >iv..:s>c.c. vr the 
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lead may be obtained firom the marking of the valve spindle as explained 

in Art. 19. 

Generally the leads are equal but in the case where the laps are 
sdjusted to secure equality of cut oflF, the leads are necessarily unequal, 
but each has a specified value. 

Another way of measuring or observing the lead is to draw out a 
section of the ports and the valve respectively on two pieces of board, 
vA bolt the one to the cylinder cover or in fact to any part of the 
framework, and the other to the valve spindle, arranging them in such 
a way that the board representing the valve slides with its edge against 
the board representing the ports. If the boards arc also fixed so that 
the distance fix)m the centre of the actual exhaust port to the centre of 
the exhaust port of the drawing on the board is exactly equal to the 
distance fix)m the centre of the slide valve to the centre of the drawing 
of the slide valve, the drawing on the board will always occupy the 
same relative position to the drawing of the ports that the actual valve 
occupies with reference to the actual ports. The valve may therefore be 
set by observations made on the boards. This method is equally ap- 
plicable to inside steam admission and outside steam admission. The 
events of the stroke may also be readily followed on the boards, and the 
percentage of the stroke at which the different events take place may be 
found by combining the observations taken from the boards with a per- 
centage scale marked off' on the slide bars. 



CHAPTER V. 

INDEPENDENT CUT OFF GEARS. 

64. The leparate cut off Talve. The examples already coi 
sidered in connection with the simple eccentric gear have indicated thj 
an early cut oflF is necessarily accompanied with early release and ear 
compression. With high piston speeds, such for example as those us< 
in locomotives, early release and compression become an advantage© 
feature in the distribution. Locomotives running at high speed coi 
monly cut off as early as 20 per cent, of the stroke with release aJ 
compression occurring in the region of 50 per cent, of the stroke. Ma 
examples of this will be found in the chapter on Reversing Motioi 
But with the low piston speeds usual in factory engines the case 
altogether different. Here the pressure drops to the back pressure 
release, whilst the piston moves through a very small fraction of 
stroke, consequently so far as the nett work done on the piston is cc 
cerned the stroke is ended at release. If, for example, release tal 
place at 40 jkt cent, from the end of the stroke, the stroke is virtua 
short^^ned by that amount. This, combined with the necessarily acco 
p\nying early comprt^ssion, result* in a very att<muated indicator card 

To gain the advantages resulting from an early cut off and yet 
the siime time to avoid any prejudicial interference with the release a 
compression, a sejxirate cut off valve is employed. 

In the Gozenbiich* design for this purpose, the steam chest is divid 
into two p;\rts by means of a pi\rtition pi\rallel to the face of the ste^ 
ports leading to the cylinder. There tire thus two steam chests, 
upjvr and a lower. The steam pipe ojx^ns into the upper steam che 
Steam j^K^rts are fornunl in the partition, their genenU disposition bei 
pirallel with the steam jn^rts of the cylinder in the lower steam che 
A slide valve without any exhaust cavity is worked across the ports 
the i>i\rtition by an indeiH luient valve gi^ar. thus admitting and cutti 
off steam to the lower steam chest. A slide valve of the ordinan' ty 

• See Zeuner's Tr<atUi oh Valv^ Gtart, 
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works in the lower chest distributing steam to the cylinder in the ordinary 
way. It is designed so that steam is cut oflF late in the stroke, say 75 
per cent, and providing the lower chest were continuously filled with 
steam, the engine would always work with 75 per cent, cut oflF. 

The valve working across the ports in the partition may however be 
set to cut off the supply of steam to the lower chest at an earlier fi-action 
of the stroke, in which case no steam can get through the steam port 
opened by the main slide valve to the cylinder after this cut off has 
taken place. In this way cut off is determined by the partition valve, 
whilst admission, release, and compression, are determined by the main 
slide valve. The cut off point cannot be very sharply defined with this 
arrangement, because there is a considerable amount of steam in the 
lower chest after steam has been cut off at the partition, and this of 
course finds its way into the cylinder through the main valve. The 
partition valve or " separate cut off valve," as it is called, is practically a 
stop valve worked by an independent valve gear. 

In the design patented by Paxman in 1885, the partition is not 
continuous through the steam chest, but forms a kind of fixed bridge 
through which steam ports are cut. The steam chest is therefore not 
divided into two separate parts, and to prevent steam getting through 
the main valve it is carried up so that its upper surface slides in contact 
with the lower surface of the bridge, ends being added to the valve, 
thereby forming ports or passages in the main valve through which the 
steam, coming through the bridge ports, is led to the distributing 
edges of the main valve. This change reduces the clearance inseparable 
from the Gozenbach design, and at the same time balances the main 
^ve. The main valve is similar in general design to the valve 
illustiated in Fig. 53. 

In the majority of the designs, where a sejmrate cut off valve works 
ui combination with a main distributing valve, the partition is done 
sway with altogether and the cut off valve slides on the top of the main 
^ve itself, the design of the main valve being suitably modified for 
this purpose. The simplest design, so far as the valves are concerned, is 
the case where the cut off valve is simply a plate moved to and fro over 
a main valve in which steam passages are formed. 

Let F, Fig. 53, be an ordinary slide valve arranged to give a 

suitable release, compression and admissicm with a cut off of say 75 per 

cent, of the stroke. Add to the ends of the valve the portions indicated. 

The steam edges of the main valve, namely s and /S, now become the 

inner and lower edges of the respective steam ways through the valve 

which are formed by the additions to the ends. 

If a plate Fi be placed on the back of the main valve (shown 
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lifted up a distance ah in Fig. 53) and if it be worked by a separate 
eccentric gear, a little consideration will make it clear that the combined 
motion of the main valve and the plate will result in cutting oflF the 
steam supply to the passages through the main valve at some definite 
fraction of the stroke. By properly proportioning the size of the plate 
and the travels of the respective eccentrics and their angular advances, 
this cut oflF can be made to take place at any stated fraction of the 
stroke between zero and the cut off determined by the main valve, 
without any interference with the other events of the stroke. 



ItMUfE SPfffQL£ 




s s 

Pig. 53. Separate Cut Off Valve. 

From what has already been done with regard to the simple eccentric 
gear it will be clear that if the cut off is to be susceptible of variation, 
the cut off valve must be so arranged that either 

(1) its travel can be altered, 

(2) the angular advance of its eccentric may be varied, 

(3) its lap can be altered relatively to the ports in the main 

valve. 

In some designs the valve gear is arranged to alter the travel and 
the angular advance simultaneously. 

Fig. 53 shows the principle of the arrangement of a gear where the 
cut off valve is a plate and the cut off is varied by varying the travel. 

65. The Meyer gear. Constant Travel, Variable Lap, In this 
arrangement, the travel of the valve is kept constant and the lap of the 
cut off valve is varied. That this may be done, the plate is divided into 
two parts connected by a left- and right-handed screw, the screw forming 
in fact the valve spindle. The valve spindle is connected to the eccentric 
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gear outside in such a manner that it may be turned relatively to the 
valve rod operated by the eccentric rod. 

Fig. 54 shows an actual arrangement. F is the main valve, which is 
connected by its valve spindle i to a simple eccentric valve gear ; and 
Fi, F, are the two separate parts of the cut oflf valve connected by the 
left- and right-handed screw K. This screw can be turned from outside 
by the hand wheel TT, and it is connected to the valve rod of a simple 
eccentric gear by a joint which allows the necessary freedom of rotation. 
The wheel Vf is carried on a sleeve held in a fixed bearing, and the end 
of /T, squared, passes through the sleeve. Thus K can be turned at the 
same time that it is free to move to and fro through the sleeve. The 
projecting head of the sleeve is screwed and it carries an index nut /, 
which serves to indicate how far the blocks are separated. Associated 
with 7 is a scale which is usually graduated so that the cut off corre- 
sponding to any angular position of the sleeve may be read off. The 
cut off edges of the main valve are at s and S respectively, and the cut 
off edges of the cut off valve are at t and T, The cut off valve is drawn 
Fig. 54, in its central position with regard to the main valve, and it 
will be noticed that the ports stand open on each side by the amount L 
This quantity is the negative lap of the valve. If the wheel is turned 
so that the blocks are separated sufficiently to just close the ports on 
each side of it, it has no lap ; and if by a further separation it overlaps 
the ports, the amount of overlap is, as in the case of the simple slide 
valve, the positive lap. 

Cut off takes place when the expansion valve is at a distance 
from the centre of the main valve equal to the lap. This distiince may 
he found in terms of the crank angle by plotting the displacement curve 
of the main valve and the displacement curve of the expansion valve on 
the same crank base. By adding the displacement curve of the piston 
cut off may be found in terms of the stroke. Since the expansion valve 
has no effect on the lead it may be made with unequal laps without 
interfering with the lead, so that cut off may be adjusted to take place 
at equal flections of the two strokes without difficulty, for one stated 
cut off. 

The way to examine the distribution of steam effected by gears of 
this type will be understood by working the following problem. 

Exam/pie, The eccentric gears of an engine, fitted with the Meyer 
combination of main and cut off valves, have the following dimensions : 

Main gear. Eccentricity of sheave, 1*5 inches. 

Angular advance of sheave, 130 degrees. 
Steam lap, 0*8 inch. 
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Expansion gear. Ekxjentricity of sheave, 1*5 inches. 

Angular advance, 180 degrees. 
Find the lap of the expansion valve so that cut off may take place 
at 20 per cent, of both strokes. 

The first step is to draw the valve diagram for the main valve in the 
way already explained in Art. 48. This is shown in Fig. 55, from which 
it will be seen that the distribution effected by the main valve is : — 

Instroke Outstroke 

Lead 017" 017" 

Cut off 61 per cent. 69J per cent. 

Release 92J per cent. 92J per cent. 

Compression 84 J per cent. 84J per cent. 

It will be observed from the diagram that the compression has been 
equalised by using different exhaust laps. 

N^ext, add to the diagram the displacement curve for the expansion 
valve, using the data above. The ordinates to this curve represent the 
displacement of the expansion valve from the centre of its travel. 

In order to solve the problem the distance of the expansion valve 
from the centre of the main valve must be known when the piston is 
at 20 per cent, of its stroke. 

Consider the instroke first. From 20 per cent, on the instroke scale 
at the top of the diagram draw a vertical line to cut the piston curve, 
and then a line at right angles to cut the displacement curves in the 
points a and 6, and the axis of the diagram in c. 

Then, when the piston is at 20 per cent, of the instroke, the main 
valve is the distance ch from its central position, and the expansion 
valve the distance ca from its central position. The distance of the ex- 
pansion valve from the centre of the main valve is therefore 

cb — ca^ ah. 
This distance therefore represents the required lap of the expansion 
valve with respect to the ports of the main valve. But is it to be 
negative or positive lap? 

This matter is settled by observing whether the displacement of the 
expansion valve from the axis of the diagram is greater or less than the 
displacement of the main valve. 

When the displacement of the exjKinsion valve is less than the cor- 
responding displacement of the main valve, the lap is negative ; when 
greater, positive. 

The distance ab on the diagram measures 0*68 inch, and, so far tis 
the instroke is concerned, this must be the negative lap of the expansion 
valve. 
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Consider the outstroke. Projecting, in a similar way to that just 
described, from the 20 on the outstroke scale, the intercept between the 
two valve displacement curves measures 0*52 inch. 

If therefore the length of the valve spindle is adjusted, and the 

blocks set the proper distance apart, so that the expansion valve has 

these respective negative laps, cut off will take place at exactly 20 per 

cent of the stroke for both strokes, whilst the leads remain equal at 

0*17 inch, and release and compression retain the values stated above. 

The problem may now obviously be extended to find the laps for a 
series of stated values of the cut off between zero and the cut off of the 
main valve. The projecting lines from 10 to 60 per cent., increasing by 
intervals of 10 per cent., are drawn in the figure for both the in- and the 
outstroke cycles, and the value of the intercepts between the two curves 
marked in. Thus, to cut off at 40 per cent, of the stroke for both 
strokes the negative lap for the instroke cycle must be 108 inches, and 
for the outstroke cycle 0*95 inch. The difference between the laps for 
20 per cent, cut off is 0*16 inch. The difference for 40 per cent, is 
013 inch. 

The cut off valve can only be set to have one difference between 
the laps, because when once the difference is established by adjusting 
the valve spindle to the proper length, the turning of the wheel W 
changes the lap at each side by equal amounts. 

Thus, after the diagram has been drawn, the differences of the laps 
must be written down and then that particular difference chosen which 
gives the best general result. 

Taking the differences of the figures marked on the valve diagram, 



Per o«nt 


Difference of laps required to 


oat off 


equalise the out off 


10 per cent. 


013 inch. 


20 „ „ 


016 „ 


30 „ „ 


016 „ 


40 „ „ 


013 „ 


50 „ „ 


009 „ 


60 „ „ 


005 „ 



If the valve spindle is adjusted for a difference of 0*16 inch, cut 
off will be exactly equalised over the range from 20 to 30 per cent.; 
veiy nearly equalised over the whole range from 10 to 40 per cent., and 
there will be small errors over the range from 40 to 60 per cent. 

Engines provided with this kind of gear can therefore be set to give 
almost perfect indicator cards over a large range of expansion, the cut 
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oflf being equalised by the expansion valve, and the compression and 
release by the main valve. 

At the point k on the valve diagram, where the two displacement 
curves cut one another, the expansion valve is in its central position 
with regard to the main valve, and if the expansion valve has no lap, 
cut off will take place. For regions above this point it will be seen that 
the expansion valve is at a greater distance from the axis of the diagram 
than the main valve, and therefore if cut off is required to take place at 
the excessively early fractions of the stroke to which the horizontals 
crossing this region correspond, the expansion valve must have positive 
lap. The same remarks apply, of course, to the region included between 
the horizontals through ki and the point 12 on the vertical axis. 

When considering the general design of the gear it will be found 
convenient to draw the displacement curve for the expansion valve on 
tracing paper. It may then be pinned over the valve diagram for the 
main valve with any required angular advance, and the effect of varying 
this can be studied. 

Care must be taken when designing the valves to see that, when the 
blocks are separated to the greatest distance, the ports in the main valve 
are not opened by the inside edges of the blocks. The blocks should 
be wide enough to prevent their inner edges from ever approaching 
near enough to the inner edges of the ports to allow steam to leak 
through. 

The minimum overlap of the blocks on the inside can be determined 
with the aid of the diagram for a given gear in the following way. 
Adjust the cut off blocks to the maximum distance apart, and place 
them in their central position with regard to the main valve. Let the 
overlap on the inside in this position be denoted by u. Then when the 
valves are moving, this overlap is continually increasing and decreasing 
as the cut off blocks move about their central position with regard U^ 
the main valve. The greatest diminution of w is equal to the greatest:* 
displacement of the cut off valve from its central position with regard, 
to the main valve, and this distance can be easily measured fix)m th^ 
diagram. Call it z. Then the minimum overlap on the inside is t/ - ^ , 
and the maximum overlap is u-\' z. 

It will be found by measurement that the greatest horizontal dis- 
tance between the two displacement curves, Fig. 55, which is, of course, 
the greatest displacement of the cut off valve relatively to the main 
valve, is 1'26 inches at the two positions lettered x^ x^ and a^, x^ on 
the diagram. Hence when u is measured, the minimum overlap is 
(w— 1*26) inches. 

When designing the valves the overlap u, in the central position, has 
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be found for a given minimum value. Thus suppose the minimum 
irlap is to be 075 inch. Then, 

3/4 = ti - 1-26, 
5m which u == 2 inches, say. 

In this case the design of the valves would be regulated by the con- 
ition that when the blocks were adjusted to their maximum distance 
^part, the inside overlap in the central position would be 2 inches. The 
ottinimum distance between them will depend upon the range of cut off 
required, since enough room must be left to bring them close enough to 
give the negative steam lap required for the latest cut off. 

The velocity of cut off is, in this case, the velocity of the cut off valve 
relatively to the main valve, at the instant the event occurs. This may 
be found from the diagram by finding the respective velocities of the 
main valve and expansion valve at cut off by the methods of Art. 49, and 
then subtracting the velocity of the main valve from the velocity of the 
wponsion valve. 

An instructive way of working problems connected with the relative 
motion of the expansion and the main valves is to consider the main 
^veat rest and then find an imaginary eccentric sheave which, keyed to 
the main shaft and coupled to the expansion valve, would give it a move- 
ment over the main valve precisely the same as it has when both valves 
tte moving in the engine. The way to do this is to combine with each 
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Fig. 66. Meyer Gear. Imaginary eccentric sheave. 

^«ve a motion equal and opposite to the motion of the main valve^ 
^wch has the effect of reducing the main valve to rest. The imaginary* 
^^ntric which will give the expansion valve the motion resulting frt>m 
^combination is found by subtracting the eccentric radius of the main 
a.v. 7 
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valve as a vector from the eccentric radius of the expansion valve, 
line giving this vector difference represents the imaginaiy eccentric u 
proper angular position with regard to the main crank and of the pn 
radius. The way to take this difference is to set out the two eccent 
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Pig. 57. Meyer Gear. Valvk Diagram for the Cut Off Val> 
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with their proper angular advances with regard to the main crank and 
then to join their ends, placing an arrow on this joining line "in circuit" 
with the suhtracted vector. Thus, in Fig. 56, the main crank and 
eccentric cranks, corresponding to the example, are set out, and ah is the 
required difference. The dotted eccentric crank, drawn parallel to ah 
from the centre in the direction of the arrow, represents the required 
imaginary crank, and this, if coupled to the expansion valve, would give 
it the proper movement relative to the main valve, which is now sup- 
posed uncoupled from its eccentric sheave and at rest. The angular 
advance of the imaginary crank is 245 degrees and its radius is 1*26 
inches. The displacement curve corresponding to it can now be set out 
in the usual way. It is shown in Fig. 57. The negative lap is added 
to the figure and cut off is found just as if the problem were that of a 
simple valve gear. It will be observed, however, that the displacement 
cur\-e is only suitable for determining cut off. The velocity of cut off 
can be measured from this curve by the method of Art. 49, and the 
maximum displacement of the expansion valve from its central position 
with regard to the main valve can be measured also. 

It will not have escaped the student s notice that the displacement 
curx'C; found from the imaginary crank, is merely a curve representing 
the horizontal distances between the displacement curves of the main 
and expansion valves, shown in Fig. 55. 

The design of the typical form of the Meyer combination may be 
varied in many ways. A design which allows short straight ports into 
the cylinder is shown in Fig. 58, which is reproduced from Emjineering, 
June 13, 1884. The main valve is now madt^ into two separate valves, 
y and U, each part carrying one of the two separate blocks which 
together form the expansion valve. The form of valve diagnun for this 
case is of course exactly the same as in Fig. 55, the sepamtion of the 
main valve making no difference to the distribution which it effects. 
Each of the valve spindles, P and Q, is coupled up to a simple eccentric 
g»r. 

The exhaust space is marked E, The modification of the exhaust 
part of the valve, necessary in consequence of the division into two 
parts, can easily be followed on the drawing. 

In setting the valves of a Meyer gear of the usual type the following 

method may be employed. First set the main valve to equal leads. 

Hen from a drawing find the total width between the cut off edges of 

the blocks when the cut off is to be, say, 80 per cent, of the stroke. This 

can be found by drawing the blocks in their central position with regard 

to the main valve and having the laps determined by the valve diagram 

for equalising the cut off at 30 per cent. Then adjust the blocks by 
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means of the wheel W to this distance between the cut off edges. 
Next turn the engine until the piston stands at 30 per cent, of its 
stroke, say for the instroke cycle, which can easily be done by marking 
the slide bars. The length of the valve spindle is then to be adjusted 
so that cut oflF is just taking place for the instroke cycle. Turn the 
engine into the 30 per cent, position for the outstroke cycle. If every- 
thing has. been correctly done the expansion valve will be just cutting 
off steam for the cycle. This last operation is really a check on the 
accuracy of the work. 

The lap with which the cut off valve must be set, to cut off at a 
given percentage of the stroke, may readily be found by means of the 

^QX 50^ ^x ^ 
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Tig. 69. Mbyer Gear. Reuleaux Diagram applied to find Laps 

OF Cut Off Valves. 

Reuleaux valve diagram, the properties of which are described in Art. 53. 
When using it for this purpose, consider the main valve at rest and the 
expansion valve to be driven by the imaginary eccentric just discussed. 
Thus, the imaginary eccentric for the example just considered has been 
found to have a radius of 1*26 inches and an angular advance of 245 
degrees. Referring to the description of the Reuleaux diagram in 
Art, 53, it will be seen that the angular advance, less 90 degrees, is the 
quantity to be set out behind the crank, and in the present example 
this angle is 155 degrees. Set out therefore, Fig. 59, an angle S= 155 
degrees, and make 01 1*26 inches long. Find the crank position for the 
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given cut off, say 30 per cent., thus fixing the point Q on the eccentric 
circle, and following the instructions of Art. 53, drop a perpendicular on 
01, which in this case must be produced through in order to meet the 
perpendicular at S. QS is the distance of the cut off valve from the 
centre of the main valve, and therefore it is the negative lap to which 
the cut off valve must be adjusted. The crank positions corresponding 
to piston position from 10 to 60 per cent., at 10 per cent, intervals, are 
set out in the figure, and the negative laps corresponding to them 
dimensioned. If Q should coincide with /i, the valve is to be set with- 
out lap, and if the cut off is so early that Q falls between A and the 
horizontal diameter, the lap is positive. The laps for the outstroke 
cycle can be found in a similar way by setting 01 behind the 180 degree 
position of the crank. 

66. Rider cut off valve. Constant travel. Variable lap. In 
this gear, invented about 1869, there is a main valve and a cut off 
valve, each of which is worked by a separate eccentric gear as in 
the Meyer design, and the cut off is varied by varying the lap of 
the cut off valve. The point of difference between the two gears lies 
in the method of varjdng the lap. In the Meyer gear, as already 
explained, the lap is varied by moving the two parts into which 
the cut off valve is divided, in a direction along the valve spindle 
by means of a left- and right-handed screw. In the Rider design 
the cut off valve is in one piece, and the lap is varied by turning it 
about the axis of the valve spindle by means of the lever iJ, the joint 
between the valve spindle and the eccentric rod being such as to allow 
of this turning action. The necessary modification of the design of the 
valves is shown in principle in Fig. 60. The surface of contact between 
the two valves forms part of a cylindrical surface whose axis coincides 
with the axis of the cut oft* valve spindle K. The arrangement of the^ 
port« in the main valve and the way the lap of the cut off valve is varieci 
with regard to them, will be understood from Fig. 61, which represents 
the cylindrical surfaces of contact developed out on the flat. ABGD i^ 
the developed surface of the main valve F, the steam ports in it beingf 
equally inclined to one another and to the centre line. The developecJ 
surface of the cut oft' valve is represented by EFGH. The inclinations 
of the eilges of the valve to one another and to the centre line are the 
same as the corresponding inclinations of the ports, so that the edges 
EG. FH. lie parallel with the correspi^nding steam port«. Therefore, the 
horizontal distances between the respective edges of the steam ports and 
the valve are constant on each side. This distance is marked L on the leftr 
kand side and rt^pn»sents the negative lap of the valve, it being assumed 



a 



Independent Cut Off Oearfi 



103 



that the cut oflF valve is in its central position with regard to the main 

valve. When the engine works with the valves in this relative angular 

position with regard to one another, cut off will be determined by the 

native lap L, If the cut ofif valve is turned into a new angular position, 

\>y means of the lever R, the lap will be altered. Thus suppose the new 

poation is shown in Fig. 61 by EiF^O^ H^ ; the negative lap has changed 




Fig. 61. 



Rider Valve. 



Fig. 62. 



from £ to Zi. In this way the lap may be varied between stated limits, 
^ in practice the variation is usually effected by means of a governor 
^nnected to the arm R. The full consideration of the gear therefore 
iiivolves a discussion on governing, and this is outside the plan of the 
I*B8ent volume. It may be stated, however, that directly the angular 
Potion of the cut off valve is given the lap is known, and the valve 
L can be set out in exactly the sjime way as for the Meyer gt^ar. 
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There are variations of the design shown in Fig. 60 all alike in prin- 
ciple. One common arrangement is to continue the surfaces of contacts 
round the axis, so that the cut off \^ve becomes a piston valve. In this 
case, if the inclined ports were made continuous round the inside cylitt- 
drical surface of the main valve, the horizontal distance between tko 
wide ends would be inconveniently great. This diflSculty is evaded l^y 
cutting them in a series of steps, as indicated in the developed surface, 
Fig. 62, which shows also the corresponding saw tooth edges of the cub.^ 
oflF valve. Of course this stepwise arrangement of ports may be maA ^ 
in any case whether the- cut off piston valve is a piston valve or not. 

The obvious advantage of making the cut off valve a piston valve is 
that it is balanced as regjwxls the main valve. Working examples of tl^L^ 
Rider valve can be seen at Si^uth Kensington Museum. 

67. Cut off plate. Constant lap. Variable travel. Fig. 63 shoii^"^ 
an actual example, which has kindly been supplied by Messrs Marshal J, 
Sons and Co., Gainsborough, of a cut off plate in which the travel i^ 
varied. This design has already been illustrated in principle in Fig. 5^5. 
It will be noticed that the main valve, so far as the steam distributi(^xi 
is concerned, is divided into two parts, V and i7, involving a division o^ 
the exhaust ports into two parts, P being the common exhaust passag'^ 
leading away to the condenser or the atmosphere as the case may b^^- 

The two ends of the valve are held together by connecting rib^»^ 
along the sides of the valve, these ribs being connected with one anoth^^ 
by a cross piece, whose cut T section is seen in the drawing. The W^^ 
ends U and F, the side connecting ribs and the cross piece are all cas^ ^ 
together. The valve sj)indle pissos through the part U of the valv^-^ 
and is secured to the centnil cross bar by the lock nuts seen in th^=^ 
drawing. The cut oft' valve V^U^ is formed in one piece: the valv^^ 
spindle passes through the valve and is secured by lock nuts screwin^^ 
down on to appropriately formed surfaces at each end. A feature to b^^ 
noticed is that the main valve is double ported with regard to the cuf^ 
off valve. This involves the cutting of ii steam port through the cut:> 
off plate at each end. Thus, considering the left-hand end, a and J^ 
are the respective cut off edges of the plate, ^4 and B being the 
corresponding edges in the main valve. The cut off edge of the main 
valve is marked s, the corresponding edge in the cylinder ports being 
S. The corresponding edges for exhaust are e and E. 

The way the travel of the valve is varied will be understood from 
Fig. 64, which shows a general arrangement of the valve gear. The 
eccentric working the cut oft' valve is not connected directly to the valve 
rod Q, but to a link which it oscillates about a fixed centre C. The 
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valve rod Q is jointed to a block M sliding in the slot of the link, 
its position being determined by the governor acting through the rod G. 
When the governor is running at a constant speed, the centre F, about 
which the suspending link G is free to swing, is a fixed point, and 
the stroke of the block M is greater or less than the stroke due to the 
eccentric sheave driving the link, approximately in the ratio of c2 to c. 
Hence if r is the radius of the cut off eccentric, the half stroke of M is 
given by 

d 

it being understood that d is a variable quantity depending upon the 
speed of the governor. Neglecting the obliquity of the valve rod Q, 
due to the constraint of its motion by the suspending link G, and the 
obliquity of the eccentric rod, the above expression is the half stroke 
of the valve. Thus for a given value of d the valve diagram can be 
drawn as in Fig. 55. 

68. The CorllBS gear. This gear was introduced about 1849 by 
G. H. Corliss, of Providence, U.S.A. The characteristic features of the 
gear are four independent distributing valves of the kind illustrated in 
Figs. 28 to 26, two for the admission and cut off of steam, and two for 
the release and compression ; and a valve gear mechanism which gives a 
continuous rocking motion to the exhaust valves, and at the same time 
allows the steam valves to cut off the supply of steam sharply at a 
fraction of the stroke determined by the governor. Amongst the many 
fonns of the gear which have been devised, the Spencer Inglis type 
made by Messre Hick, Hargreaves and Co., occupies a prominent place. 
The rocking valves of this type have been described in Art. 28, and 
the geneml arrangement of the gear used to work them is shown in 
Fig. G5. The biisis of the mechanism is a four bar chain, six of which 
combine to form the mechanism for working the four valves, and of 
these, two have a coupling rod of peculiar construction. 

Consider the exhaust valve E in the figure. A circular plate, 
centred at ^ , is coupled to an eccentric on the crank shaft by the pin Z, 
so that AZ, the eccentric rod, and the eccentric form together a four btir 
chain. A pin B in the plate is coupled to the crank arm CD by the 
coupler BD, this combination forming a second four bar chain. Similarly 
A, B^, C'l, i), is the chain for the exhaust valve E^. There is a similar 
four bar chain for uach of the steam valves aS^ and ^',; but when the cut 
off is to be made automatic the coupler in each of these two chains is 
made telescopic, and the connection between the two halves can be tem- 
porarily destroyed by means of a trigger. Immediately the two halves 
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are disconnected, the steam valve corresponding to the coupler is uncon- 
strained by the valve gear, and a strong spring Q, in a dashpot P, 
immediately closes the valve. The way this is done can be seen from 
the figure, which shows the coupler to the right-hand steam valve in 
detail. 

A J and KL are the two cranks of the four bar chain to the valve <S, 
and JK is the telescopic coupler, one part of which terminates at j, and 
the other part at k. The part Jj has a square block R formed about 
the middle of its length to which two flat springs are bolted which 
stretch along to, and engage with, projections formed oh the other part 
of the coupler. 

The part terminating at k is suitably formed near the end K to 
carry a pin p, on which a trigger or catch T is free to turn, its turning 
being controlled by the curved lever A, terminating in the joint U. 
This point U is connected, through the rod and the lever g, with a 
short shaft, to which the governor gives an angular motion as the speed 
varies, which angular motion causes a small motion of the point U. A 
corresponding point, i/j, on the left side receives a similar motion through 
the toothed sectors attached to the levers g and g^. When the engine 
is running at a uniform speed, f/', and of course Ui, are fixed points. 

The steam valve Si is opened by the movement which puts the 
coupler in tension, the projecting edges of the springs belonging to the 
part Jj gripping on corresponding projections on the part Kk, and as 
the necessary movement towards the centre of the cylinder takes place, 
U being fixed, the trigger T turns relatively to the coupler, forces the 
springs apart, and thus casts the crank LK tree from the valve gear. 
The part Jj continues its movement, but the part Kk instantaneously 
flies back under the action of the spring Q, the dashpot P moderating 
the action of the spring. This latter part remains at rest, the valve 
being closed, until the spring catches belonging to the other half glide 
over the projections and close up in the position where they engage 
with them immediately the movement is reversed. The instant at 
which the trigger T releases the spring catch depends upon the position 
of the point U. When the load is thrown off an engine of this type, 
the governor changes the position of U suflBciently to cause the release 
of the trigger so early in the stroke that hardly any steam is admitted 
to the cylinder. If a load be now suddenly thrown on, the governor 
immediately moves U to a position where steam is taken through a 
large fraction of the stroke. The control effected in this way is well 
exhibited when the engine is used to drive a rolling mill. 

When the ingot is put in the rolls, the full load is thrown on 
the engine, but after a few seconds the ingot has passed through, and 
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nearly th«' wh«»li' I«)ju1 is thrown off; the valve gear answers at once, and 
auimnaticjilly neluces th*» cut off. The cranks A J and AJ^ are dcter- 
niiiird liy jiiiis ./ and J^ ]iiit in a circular ])lat4.s immediately behind the 
|ilat«* (Irivin^^ th«* exhaust valves, and connoct<Hl to the crank shaft by a 
M'iKiratc I'ccrntric hkI which is driven hy a separate eccentric. There 
an- ill us twi» ecci-ntrir sh*'aves on thi' shaft driving respectively the 
st*ani valv«* jilate and the exhaust valve jilate. 

Thi* valv«* disjilacenient eurve for each of the exhaust valves can 
1m' Mt out by drawing the gear in a si'ries of configurations corre- 
s|iunding to. siiy, 24 e(juidistant cnmk positions, and measuring off the 
eorrespmidjiig displacenients of the edge of the valve from some 
se|rct«'d jmsition, tin<ling ther«*bv 24 jnunts on the diagram through 
whir-h tile curvr must pass. 

The .shape of til is eiirvi' will be very different from that .-^howii 
in Fig. .S-s for tlu- sinipK' eecentric gear. The di.splacement curves "f 
liie steam valvi's can hv dniwn in a similar way for a given jK^sitiim 

of r. 

69. Sulzer gear. The SuIzit valve gear, na it is known tt>-day. 
was intnMlueed in IHiiT. It is designed to work four valves per cylinder, 
two admission valves and two exhau.st valves. A jmir of steam and 
exhaust valves n^ntrol each cycle in the way e.xj)lained in Art. 2 
and iudieated liiagrammatically in Fig. 1. Corres])onding to theso 
v:ilv.> tlun- are n-ally two \alve gt-ai-s. ont^ for each cycle. Fig. titi 
siiows a crn^^ secti«»!i »»f the high pressure cylinder <»f a recent Sulzer 
«ngine. takrij ilin»iigh tht- valv«'s ct)ntrolling the instroke cycle, and the 
ti^un- ^liMws aist. the grar tor opt-rating the valves. The valve ami valve 
gear ai«' dMpli«"at«Ml tnr tin* mitstroke eyele. being placed at thi* end of 
tin* tylind.r i-.iimte Innn that sht»wn. Restricting our attentitm to the 
instn»kf eyclf. sttam is admitted lo the cylindi'r by the valve »S\ shown 
op.'ii, and r.|rase«l t'nuii the cylinder through the exhaust valve K, sh4»wn 
shut. Tin- attain valve has alreaily been illustnited in detail. Fig. 7. 
Tin- exhaust \alve is similar in construction to the steam valve, having 
fniir s»*!its. Tlw val\«' gtai* may be analysed into a series ttf four bar 
chains, and to make this clear a skeleton diagram of the gear is drawn 
to thr jt'ft ut" thr actual <lrawing, st) that tiie geonu'trical busis of th«' 
gear can lu- fnllnwed rasily. The l«*ttering on this .skeleton <liagmui 
cMrnspnmis with the h'ttrriug <»u the actual rlrawing. 

A .shall A, pla'M'd aliuig>id«' the ••ngine and driven by e(^ual gearing 
imm theciauk shaft, is sM|>ported in journals carried by two brackets 
which an- bolted to the cylinder itself, one oi which, lettered 5, i.s .seen in 
thf tiguri". Keyt-d to .1 is an eccentric .sheave, the crank corrt^sjKmding 
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rhicb is shown by ^a in tht* skeloton diagram. A point c on the 

sntric rod is jointed with a crank arm cC, which ia centred on the 
liaft C, this ^haft being merely a support for this crank. This com- 
imation of tw*o cranks, Aa and Cc, and the connecting link ac forms, 
ith the fixtd frame, a four bar chain. Every point in the eccentric 
fod, shown black in the skeleton diagram, is thus constrained to move 
It a definite path. 

First trace out the connection of fchis chain with the exhaust valve. 
One arm, namely rfi), of the bell cmnk dDe, is connected by the Oid dg 
ko the er«K>ked crank gO, The bell crank i% centred on a supporting 
shaft I), can-ied hy the bracket B, The cr^wked crank is jointed to the 
enlarged part of the valve spindle. These links, namely, the cranks Dd, 
Qg^ and the coupler dg, together with the frame, fonn a four bar chain, 
the movement of which is determined by the connection of the arm Db 
of the bell crank lever to the eccentric toA by the link ek. If the link 
6g could vibrate, tree from obstniction, about G as a tixefl centre, the 
tttming of the shaft A would merely cauae the crank gG to exeeute 
vibrations about G as centre, and the exhaust valve G would always 
remain shut. Just below the lever gG, however, there is a bar, whose 
position m adjustable about the axis % by means of the bolt j. This is 
set up and clamped in position to act as a fixed fulcrum, so that 
the crijoked crank at a certain instant in its downward movement is 
brought into contact with it^ and then the crank acts b& a lever and 
lilts the exhaust valve off its seat. In the skeleton diagram the fulcrum 
is shown at k. The actual arrangement is, however, equivalent to 
m moveable fulcrum, since the curved under-surface of the crooked 
cmtik j^G,, during its downward angidar motion, touches the fulcrum 
jiiece along a line which moves continuously to the left. The leverage 
is changing, but it is greatest just at the opening of the valve and least 
when it is fully open. Consequently the velocity of the valve is small 
when it is opening and when it is closing. In this way the valve is let 
duwn on to its seatings gently, and is held there by the combined action 
of the steam and the spring seen in the drawing, after the crooked 
k gO leaves the fulcnini piece altogether in the course of it* 
ard angular movement. 

Consider now the connection to the steam valve. One end of 
g rod is jointed to the t»ccentric rod at c and the other end 
wank Li, L being a fixed axis. Thus the two cranks Cc, LI, and 
the rod cl form with the framework a four bar chain deriving motion 
firom the eccentric sheave. Mounted on the axis at I is a catch or 
trigger tlm, one end of which is jointed by means of the coupling nxl 
mn w^ith a bell cnink lever^ whose cent ml axis, o, is carried on the 
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tvivniric fimI iis^'lf. Tho i»thrr ann. op. «»f this Wl crank is linked to 
tho iHiint /'. which mviijiios a dctiiiitr jnisition when the governor is 
running; stt^aililv. Thr motion nf i\\v tKwniric nxl and the connectioa 
ot* I ho arm i'/» to /' t«»c«'thor oaus<» an antrular niutinn of the bell crank 
aKMii its axis .». wiiioh ansj^ular motion is tninsmitt*-«l by the coupk-rnw 
to tl\o trii:CiT mlt. Thr m«>ti«»n ••!' tlu- rritrc^-r is thus made up of two 
i-otnivMUMUs. om thi- iu»'\^inrnt i-t" it> axis / in the arc nf a circle about 
/.. I ho othor an anvrular m"ti'»n aU-ut thv axi> /. Tho angular com- 
jvMient ohancos as :ht jNi>iti.«n "t' F chanijfs. Tht- position of /*» 
iN»ntr\»!K^l bv :ht i:.'\irn.'r. any ohanj' in its o.»ntiini ration being 
aiXN'miv*!!'.!'*! by a ^h.inj;* in tho an*:-;:ar i^-siti'-n "t tht- shaft Q. which 
IS ii'.!\v:"v o.^i'.r.ix^T'. :■ ::> ^ '\-. r:. t. Tr.-. ^--v. ra! }-f<:::'»ns ••ccupied 
t^'s •: .'-. r . -'» \\\\ "^"^ i- r >:■.:. ■■: :"r.'- s:r-kv ;ire sh«jwnin 
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-P, and since this position depends upon the slight variation of the 
governor speed, which in its turn depends upon the variation of the 
load against which the engine is working, the cut off is automatically 
adjusted to the variiation of the load. 

To set out a gear of this kind, with the object of drawing the 
path of the edge t, in order to find the cut off for a given position 
of the point F, the gear must be set out in a series of positions corre- 
sponding to, say, 24 equidistant crank positions, finding thus 24 points 
on the path of t Joining these points by a curve, the intersection of 
the curve with the circular path of the edge of the lever RL is easily 
ibund, and by interpolation with the numbered points in the neighbour- 
hood, the corresponding crank angle can be inferred, and hence the 
piston position. The process of setting out the gear for a stated crank 
angle and given position of ^ is as follows : — 

(1) Set out the given position of F^ the positions of the fixed 
centres A, C, D, Z, G, and also the angular j)osition of the eccentric 
radius corresponding to the given crank position. 

(2) With radius Cc and centre C draw an arc, and with radius ac 
and centre a cut it in c. 

(3) Set out the points o, A, along the eccentric rod, and with centre 
o and radius op draw an arc, and cut it in p with an arc of radius Fp 
drawn fix)m the centre F. 

(4) Draw the remaining arm on of the bell crank. 

(5) With centre L and radius LI draw an arc, and cut it in I by an 
arc of radius cl and centre c. This defines the position of the axis of the 
trigger. With radius Im and centre I draw an arc, and cut it in m with an 
wc of radius nm and centre n, thus defining the angular position of the 
trigger with regard to its axis. 

(6) Set out the edge t of the trigger, and one point in the path is 
^ietermined. 

No difficulty will be found in setting out the position of the exhaust 
^Ive for a given position of the fulcrum piece ij. 

In the actual drawing of these curves the long coupling rods may be 

Suppressed " in the manner illustrated in detail below in connection 

^ith the setting out of a Joy valve gear. Art. 126. In this way it is 

P^^^ble to draw the paths of the various points to a large scale without 

^^ng an inconveniently large drawing-board. 
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CHAPTER VI. 

THE ANALYTICAL METHOD. 

70. The analytical method. A brief explanation may now be 
given of the method of working valve gear problems analjrtically. The 
anal}rtical method contains implicitly within its symbols all the geo- 
metrical methods for the solution of valve gear problems. The tools in 
this case are merely a table of sines and cosines, which need not give 
the values to more than four significant figures; and a table of four figure 
logarithms. A student who can use these with rapidity and accuracy 
will find that problems connected with the simple valve gear may be 
dealt with as quickly by these means as with the tools of geometrical 
work, namely, compasses, set squares, etc., with the advantage of greater 
accuracy, and often of greater speed. The most advantageous way of 
working is to combine the two methods, using one as a check on the 
other. 

The work may be divided into two distinct parts : — 

(1) The calculation of the piston position for a given value of the 

crank angle 0, or vice versa, 

(2) Calculations regarding the valve gear in connection with the 

crank angle 0, 

Thus the crank angle is made the independent variable, and, for 
any assigned value of it, there is one corresponding position of the 
piston, and one position of the valve. 

71. Crank and connecting rod. Considering first therefore the 
position of the piston in relation to the crank angle 0, it will be 
observed from Fig. 68, where OQ is the crank radius i?, and BQ is the 
length of connecting rod Z, that if the connecting rod is infinitely long 
the displacement X from the central position is given by Op^ which is 
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equal to R cos B ; but that the effect of obliquity is to increase this 
distance by the amount pq. From the figure it will be seen that with 




Fig. 68. Crank and Connecting Rod. Effect of Obliquity. 

the cylinder to the left of the shaft pq is always positive ; that is, for 

every crank position, the point q falls to the right of p, so that the effect 

of obliquity is the amount pqy measured from p towards q. If the 

cylinder were to the right of the shaft, pq would be negative, but all the 

diagrams in this book are drawn for the cylinder to the left, so that pq 

is always to be regarded as positive and is to be added to the quantity 

iicostf, whether this be positive or negative. Hence for the piston 

displacement, 

X — R cos O-hpq. 

By Euclid, Book iii. 35, 

pq{Bp^Bq):=^(Qpy. 

But since pq is always small in comparison with Bp, very little error 

^ introduced if Bq, which is the length of the connecting rod I, is 

^tten for Bp, so that (Bp H- Bq) becomes equal to 21, And Qp is equal 

^Asmd; therefore 

R^sin^e ^ , 

pq = — ^ — approximately, 

*nd finally, X = ii cos 5 + 

Dividing through by R, 



R^ sin' 
21 • 



.(1). 



— = cos + oi sin' 



.(2). 



This gives the fraction of the half stroke at which the piston is 
distant from its central position, and is positive for all positions to 
the right of the centre, and negative for all positions to the left. The 
fraction of the whole stroke at which the piston stands from the dead 
point corresponding to 5 = is given by 

'-^'^ .<3) 



S— J 
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and from the dead point corresponding to 5 = 180 degrees, by 

i-ta« w 

X 

P in each case may of course be positive or negative. 

To find the angle 5, for a given value of XjR, equation (2) must be 
solved for cos 0, Writing (1 — cos' 0) for sin* tf, n for the ratio of the 
length of the connecting rod to crank IjR, and /for XjR, (2) reduces to 

COS' 5 - 2n cos 5 + (2w/- 1) = 0, 
the s<)lution of which is 



cosd = w-\'(ir« + l)-2ii/ (5). 

The minus sign is used before the root because the plus sign would 
give a value of cos 5 greater than unity, which is inadmissible. 

If the connecting nxi is 5^ times the length of the crank, so that 
n = 5*5, the in^uation becomes 

cos = 5-5 - \'3T25-11/ (6), 

fnnn which the diftVront values of cos 0, corresponding to assigned values 
of/', may Ih> computed. 

It should bi* nottnl that the quantity to the right may come out 
either jxvsitive or negative. If |x>sitive, the angle lies between and 
W dognvs. or 270 and .*U>0 ilogRvs. If nog^ative. lies between 9^ 
degnvs ;uul 270 dogrtv^. Which value of 6 to take in any particul^ 
c{U<i' must Ih' dotonniiuHl by the conditions of the problem. 

The piston curvo. Fie -^S. is tho graphical n^presentation of (6) a^^ 
could havo Kvn j^loit^nl tnun it. 

72. The valve displacement. The vah e displacement x is giv^^ 
in tonus oft ho onmk aiis^Io c^ by <.s<v Ar:. 42): — 

.;■ = r ov>s vH -- ^^^ tor ^vwitivo n.^:a:ion *>i the crank with 

outside :u{mi<5?ion (1 ). 

.- =-. »• ^svs ^H— ^» tor !u c.i:i\^ p'm:: -ti -a :ho onuik with 

• itsivio luiinisciion < 2 K 

/• ■ '• o>\<\r - \^ tor ;«. s-.:i\-. tm:-. r. ot'th-: ^ruik with 

::: SI. :- .\. ituission < 3 ). 

.:• = '• oos . c^ — \ » :\t v.:cit'.\ ; :v:o.::,^:i -.t th-: onir^K with 



.i'-::iii:^ion » 4 L 



A!', thvso rx.',vt: r.s ,%r\ o\pr\.ss<\i by vg.Li:: -ti « I k provided that ih«* 
r-.i^u^vr i\Ns;::o!: ot* the tvwutnc sheave with n:-^ni to the crank i? 
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always measured in the positive direction ; and for analytical work this 

restriction of ^ to a positive value is very convenient. In what follows 

therefore it is to be understood that <^ may have any positive value 

between and 360 degrees, and that for the conditions expressed by 

equation (1), the value lies between 90 and 180 degrees, by equation (2) 

between 180 and 270 degrees, by equation (3) between 270 and 360 

degrees, and by equation (4) between and 90 degrees. 

Considering equation (1), it is to be observed that, for a given value 
of 0^ the angular advance being known, the corresponding value of x can 
be calculated without ambiguity. 

For a given numerical value of Xy however, there are four possible 
values of the angle 6. Thus, equal numerical values of Xy namely 
a5, cd, ef, gh. Fig. 69, correspond to the unequal angles, Oa, Oc, Oe, 
Off. To discriminate between these angles, observe, first, that two of 
the values of x are negative and two positive : secondly that of the two 
negative values, one, namely at, is increasing in value as the angle 
increases, and the other, cd, is decreasing as the angle increases. 
Similarly, of the two positive values, ef is increasing, and gh is de- 
creasing, with the angle. 

If a numerical value of x is assigned therefore, the corresponding 
^alue of the angle cannot be fixed until we know 

(a) the sign of x, 

(b) whether x is increasing or decreasing with 0. 

In connection with the present subject, however, it is generally 
'ii^iiecessary to examine formally whether x is increasing or decreasing, 
*^^cau8e the appropriate value can be determined by other con- 
siderations. 

Table 1 shows the sign to be given to x for any particular event in 
'*^e stroke, both for positive and negative rotation of the crank, and also 
^^^ Way to discriminate between the two angles which corresjx>nd with, 
either a positive, or a negative, sign. 

If the exhaust lap is negative in any particular case, the signs given 
^ t;he table to release and compression must be changed. 

With regard to negative rotation, it must be remembered, that 

^*^hough the crank is revolving negatively, no difference is made in the 

y^y of measuring the crank angle, that is to say, it is always measured 

^^ the counterclockwise direction, from the zero crank position. The 

^^*^k in its negative rotation is therefore considered to go from to 359, 

^8 degrees, etc., standing at 270 degrees when it has made one-quarter 

^f a revolution, and at 90 degrees for three-quarters of a revolution. 




Fig. 69. Valve Displacement Curve. 
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TABLE 1. 



Admission 
Cut off 
Release 

Compression 



Sign to be given to x for either positive 
or negative rotation of the crank 



Outside admission 



Instroke 
Cycle 






I 



Oatstroke 
Cycle 



+ 
+ 



Inside admission 



Instroke! Oatstroke 
Cycle Cycle 



+ 



Crank angle 



Positive 
Rotation 



Larger angle 

Smaller angle 

Smaller angle 

j Larger angle 



Negative 
Rotation 



Smaller angle 
Larger angle 
Larger angle 
Smaller angle 



Elquation (1) involves two constants, r and </>. If the two constants 
are given, the corresponding displacement curve is completely determined. 
If these values are not given, the specification of two points on the curve 
enables them to be found. The specification of a point, P say. Fig. 69, 
requires that its distance, x, from the vertical axis be given, and also 
the corresponding value of the angle 0, Hence, to specify two points, 
the values x^, 0j must be given for P and the values x^y 0^ for a second 
point Q, Inserting these in the equation for the curve, 



Jar, = r cos (^1 + </))) 

V2 = rcos(^, + 0)j ^ ^' 



a pair of simultaneous equations from which r and </> may be found. 

The equations may be written in a form which is sometimes useful. 
Elxpanding equation (1) 



x= A cos — 3 sin . 



.(6) 



where A and B are written for r cos (f) and r sin <f> respectively. A and 
B are connected by the relation 



A^-\-B' = r^ ... 
and the numerical value of tan </> is given by 



tan ^ = ^ 



•(7) 



.(8). 
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The actual value of </> depends upon the direction in which the cranli 
shaft is to rotate and whether steam is to be admitted at the outside or 
inside of the valve. When these data are given, the quadrant in whict 
the eccentric radius stands, relatively to the crank, is known. In tli. is 
form the pair of simultaneous equations (5) become 



fa;i = -4 cos ^1 — JB sin 6^ 
\x2 = A cos 02 — B sin ff^) 



■(9). 



from which A and B may be found, and hence r and <f). 

These equations may be used for the solution of valve gear probleii::i-s 
directly x is expressed in terms of the quantities concerned in tl^e 
distribution of the steam. The next table gives simultaneous values oJ 
X and the crank angle 0, each pair of values corresponding to a defini 't^ 
point on the displacement curve when the proper sign has been giv^^ri 
to X, and the proper angle fixed upon from Table 1. 



TABLE 2. 



Numerical value of x equal to 



Corresponding angle 



Steam lap + lead 
Steam lap 

Exhaust lap 






Steam lap + maximum width 

of port opening for steam = X + IT = »• 

Exhaust lap + maximum width 

of port opening for exhaust = I + w =r 



^ = or 180 degrees. 

= crank an^le at cut oflF 
or admission. 

= crank angle at release | 
or compression. | 

^ + </) = 180 or degrees, i 

# 

^ + </) = 180 or degreea 



/ 



For instance, find the value of at "cut oflF" for the instroke cycle, 
in the case of negative rotation with outside admission, when the lap 
is 1 inch. In this case the angular advance, </>, must have a value 
between 180 and 270 degrees. Let it be 260 degrees. Then, from 
Table 2, 

1 = r cos (^ -h 260). 

From Table 1, the sign of x for this particular event is stated to 
be negative, therefore the minus sign must be prefixed to the figure 1, 
and the larger value of will be the required result. 
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73. The valve velocity. The velocity, v, of the valve is found at 
once from the displacement by diflferentiating x with regard to the 
time. Thus 

X = r cos (5 + ^). 
Therefore 

« = J = -rsin(« + ,^)x^ W 

When the crank is revolving uniformly, the angular velocity, -r., is 
constant, and is equal to 

where n is the number of revolutions per second. Hence for uniform 

rotation, 

t; = -r8in(5 + </))27m (11). 

When using this expression, remember to express r in feet in order to 
get the velocity in feet per second. 

The last three articles contain the whole of the mathematical 
relations involved in the analytical treatment of a simple eccentric gear. 
A few examples are added, starting first with the examination of a 
given gear. 

74. Example. A valve gear has the following dimensions : — 

r = 3 inches, 
</) = 120 degrees, 
L = 1*375 inches for both cycles, 
I ^ 01 inch „ „ 

n, the ratio of the length of the connecting rod to the crank = 4. 

Since <^ lies between 90 and 180 degrees, the engine rotates in the 
positive direction with outside admission. Calculate the value of the 
lead, and the fractions of the stroke at which the several events of 
admission, cut ofiF, release and compression take place, for the instroke 
and outstroke cycles respectively. 

The equation to the valve displacement curve is 

a: =3 cos (^ + 120). 

To find the lead, calculate the value of x when 5 = 0, and subtract the 
steam lap. Thus, at the dead point, 

^ = 3 cos 120, from which a: = — I'o inches. 

The corresponding lead is therefore 01 25 inch. 

The lead for the outstroke cycle is also 01 25 incl 
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For eat off and ilmwriiw to tlie imtrake cjd^ 

- 1-875 -8eas(tf-|-120X 
fiom whieh 

eo8(tf+120)— 0-45& 

Hub ia the namerical value of the eonne of an an^^ of 82 degnei 
42 minntea, bat ainoe the aign ia negative, tlie two aniglea having thii 
valae of the eoaine are 

180 - 63 - 117 degieea - 0> + 120, 
or 180 + 68-* 248 degreea- 6^+120. 

The cMTeapoiiding valoea of are -- 8 or + 857 dq;ieea, and 128 ckgieeL 
From Table 1, the latter being the amaller oo n eaponda to "eat off* mA 
the laiger to " admisBion." 

Proceeding in an exactly similar way with the valae of the ezhanii 
lap, it will be found that release and compression take place respectivdf 
at 152 and 328 dq;rees. 

In this example, the steam and exhaost laps are assamed to be equal 
for the two cycles. The crank angles fix- the fiHir events of the out- 
stroke cycle can be found therefore by merely adding 180 degrees to 
those angles just found, subtracting 360 d^rees when the sum is 
greater than 360 degrees. 

To find the corresponding piston positions^ introduce the value for 
the ratio of the length of the connecting rod to the crank, n, given 
above, into equation (2), Article 71, obtaining 

X 

-p = cos tf + J sin* 0. 

For convenience of reference the details of this calculation, and the 
summary of the preceding ones, are given in the next Table. 

The velocity of the valve at cut off for the instroke cycle, assuming 
the crank to make 3 revolutions per second, is found from equation (11) 
by introducing 

r = y\ feet, = 123 degrees, ^ = 120 degrees, and 11=^3. 

Thus r = - ^ sin (24:^) x 6*28 x 3 = + 4*2 feet per second 

The + sign indicates that the valve is at the instant moving in the 
positive direction, that is from left to right. 

Referring to Table 3, it will be seen that the effect of the obliquity 
of the connecting rod is to cause a difference of the point of cut off in 
the two cycles of about 8^ per cent, and a difference in the compression 
of about 3^ per cent. 
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Crank 
angle 


COS0 


J.in«» 


X 
R 


Correaponding 

percentage 
pUton position 


Tnstroke Cycle : 












Admission ... 


357"= -3° 


+ 0-998 


+ 00004 


+ 0-998 


99-9 


Cutoff 


123° 


-0-544 


+ 0-088 


-0-456 


72-8 


Release 


152' 


-0-882 


+ 0-028 


-0-854 


92-7 


Compression . . . 


328" 


+ 0-848 


+ 0-035 


+ 0-883 


94-1 


OuUtrt^ Cycle : 












Admission . . . 


177° 


-0-998 


+ 0-0004 


-0-997 


99-8 


Cutoff 


303° 


+ 0-544 


+ 0-088 


+ 0-632 


81-6 


Release 


332° 


+ 0-882 


+ 0-028 


+ 0-910 


95-5 


Compression . . . 


148° 


-0-848 


+ 0-035 


-0-813 


90-6 



The compressions may be equalized at 94*1 per cent, by decreasing 
the exhaust lap belonging to the outstroke cycle, or at 90*6 per cent, by 
increasing the exhaust lap of the instroke cycle. Take the former case. 
First, compute the value of for a piston position of 94* 1 per cent, of 
the stroke, from equation (5), Article 71, substituting 4 for the ratio of 
the length of the connecting rod to the crank, n, and the value - 0*883 
for/, obtaining 

cos^ = 4-Vl7 + 8x0-883, 
from which 

cos ^ = -0-9. 

The two angles corresponding to this are 154 degrees 10 minutes, 
and 205 degrees 50 minutes. The outstroke cycle is under considera- 
tion, which begins at 180 degrees, so that the smaller value of the angle 
does not come into the cycle unless 360 degrees be added. But the 
angle may be looked upon as belonging to the previous outstroke cycle, 
and it gives the point at which compression takes place. The other value 
of the angle is evidently an impossible one for the event of compression, 
since it would have to take place when the crank had turned through 
only 25 degrees 50 minutes from the 180° dead point position. 

The valve displacement corresponding to this compression angle is 

ar = 3 cos (154 + 120) 
= 3 cos 86 = 0-21 inch. 
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From Table 1, the sign of the valve displacement at compression in 
the outstroke cycle is negative when the exhaust lap is positive. There- 
fore, since the sign of the displacement is here positive the exhaust lap 
is negative and would be set out to the right of the vertical centre line 
in the valve diagram. 

75. The design problem. Given the maximum port opening for 
steam, W ; the lead, e ; the position of the piston at cut oflF, and the ratio 
of the length of the connecting rod to the crank ; find the eccentricity, r; 
the angular advance, </>; and the steam lap, L, Assume positive rotation 
with outside admission. 

First, find the crank angle corresponding to the given cut oflF from 
equation (5), Article 71, or read it from a piston curve drawn with the 
proper ratio of crank to rod. 

The problem is now reduced to the finding of r, <^, and L, having 
given W, e, and 6c, 

In this case, the constants of the displacement curve have to be 
found, so that in the first instance the unknown quantities are J, B, 
and L. Examining the data, it will be perceived that it is not possible 
to find A and B from equations (9), Article 72, but that there is a 
relation amongst the data, fi-om which a third equation can be formed 
This relation is obtained fi'om the fact that the steam lap, added to the 
maximum port opening, is equal to the eccentric radius. Equation (3), 
below, expresses this in terms of the unknowns A and B. 

Considering the instroke cycle, select the pair of values from Table 2 
corresponding to the dead point where ^ = (since the engine is to work 
with outside admission and the crank shaft is to turn in the positive 
direction, x is of course negative), and insert these in equation (6), 
Article 72, thus forming equation (1). 

Again select the values of the coordinates at cut off fi-om Tables 1 
and 2 and insert these in equation (6), Article 72, writing p for cos ^f 
and q for sin 0c, and equation (2) is formed. 

A, By and L may now be found from these three simultaneous 
equations 

-{L + e)^A (1), 

-^L^Ap^Bq (2), 

X+ tr=VZ»T> = r (3). 

Eliminating L from (3) and (1) and squaring 

— 2-46=5* — 6^ where 6 is written for (TT-e) (4). 

Eliminating L from (2) and (1) 

A{\-^p)^^e-Bq (5). 
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Eliminating A from (4) and (5), there results a quadratic in B, the 
olution of which is 

+ (Tf-e)g±V2lr(l-p)(tr-"^ 

(l-i>) ^ ^" 

A solution of this is always possible, since from the nature of a 
ralve gear e is always less than W and p is always less than unity, so 
ihat the product under the root is always positive. 

Having found B from (6), A can be found from (5). 

Two values of B will be given by (6), but since by the given data 
^ is between 90 and 180 degrees, B (that is sin<^) must be positive; 
bkerefore the positive value must be taken and this inserted in (5) will 
jive the proper value of A, 

The steam lap can now be calculated from equation (1). 

The eccentric radius, r, is equal to *J A^ + B*, 

The numerical value of tan <\> is found from 

tan</> = -j. 
Example : — 
Let the data be. 
Lead = ^ inches. 

Maximum opening for steam = 1 inch. 
Crank angle at cut ofiF= 120 degrees, so that 
cos 0= — 0*5=2), 
sin ^ = 0-866 =9. 

Moreover, suppose the crank shaft is to turn in the positive direc- 
Jon, and that steam is to be admitted at the outside of the valve. 
Inserting the above values o{p and q in (6), 

5 = +1-615 or -0-576. 

Substituting the positive value of fi in (5), 

4 =-0-995. 

Using A in (1), L the steam lap is found to be 0*895 inch. 
With this value of L in (3), 

0*895 + 1*0 = 1*895, the eccentric radius. 

The numerical value of tan <f> is found from 

The angle corresponding to this is 58 degrees 24 minutes, but 
lecause rotation is to be positive, and steam is to be admitted at the 
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mitHid^ of the valve, the angle Uee between UO and 180 degrees {m 
Fig, JJ2), theretbre its actual valae ts 

1180 — 58 degreoa 24 miniitefi ^^ 121 degrees 36 minutes, 
TheB@ oquatiom hald for {Kwitive or negative rotAtion with outside 
hldniiH^iou. 

If pciftitivo valuer uf the displacement are used in equations (l)«i4 
(2X th<* sign of # in (6) i«s changed, and the sign of the first term in the 
nnnienitur uf (0) h changed to minuB, The equal ion^^ then hold for 
[^OMitivo or negative mtation with inside admission. Far ** cut off * at * 
given frat^tion t»f the stroke it i» only nece^ssary to solve the equatinos 
for i»!ie Hetting. iKmitivi- notation with outside admission for imtanoe, 
lieciiusi^ the numorical valuos of A and B are the same for aJl fotir caae*. 

76 The Meyer gear* 8^ far tu< the main gear m coocemed, the 
caleulaiioti3^ aw mntle in t*xactly the siime way ae for a simple gear. 
Tho new pmbh'tn in to find the netting, and the lap of the cat of 
ht^^k,'^, ur pluti-^ M> [luLf (ut nft may take place at a stated fraction of 
tht^ stmke, \i\ onU i u^ liu thi?*, the diRtanee, f, of the expansion ptate» 
from thtnr reiitml [yi^iition with rt*gani t*> the main valve must be fouad 
ill It^niiH uf thi^ rntnk augk^ 

liiU i\<^, W thi < . i oiitrieity and the angular advance respectively, of 
lht> main o^ri uuk' sluave; and r|, ^ the corresponding quantities for 
the eximns^ion €*ceentric nhenreb 

Then A\ the di^pkcement of the main vilve from ita centml posttioOt 
if* giviHi by 

wA J^, Ui^ 4&placoment ckf lh« expansion platas from tbeir oentml 
pftisjti^m with Tt^;^ to ibo cylinder, by 

RxpaiHiing thec^^ and writing g»ienJly A far reos^ and B ftr 
rain^. thtn* become 

wr « J cce0- JI sin* .(IX 

oTi « .dj COS tf - fii sin 9 ^> 

1^0 dis|JaivuH^uK (. ^4^ iho expiuisi«.m pUles firom Ikir ee&iial 
|K>eali\ux wiih rx^^jwxi lo main valvc^ is giwn by 

f«jr^~^«Ccvii§*-/>sintf .(3X 

wh^^l^ r»^4i— J « r^cv^^^ — rcur?^ ...-(4X 

/>«i^~^«r^^<i^-r$in* — -OO- 

Multiply ^MHi \iiivkV ll^ r^lii $kle of <e^«alMNa (3) kf ^l^+iH 
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Then the coefficient of cos ^ is 
C 



and the coefficient of sin is 



= 008-^, say, 



= sin Y, 



yfC^I> 



and tan V^ = t^ . 

Hence (3) becomes 



f = yJC^-^-D* (cos 5 cos >^ - sin sin ^), 
which is equivalent to 



f=\/C«+l[)«cos(^ + V^) = /)cos(^ + >^) (6). 

In this equation, -^ is the angular advance of an imaginary eccentric 
sheave of radius p = V(7' + D^, 

When the dimensions of the gear are given, C and D can be calcu- 
lated, and from them p and -^ may be found and introduced into 
equation (6). Then, by means of (6), f can be calculated for any given 
value of 0. If is given for the cut off angle of the crank, the lap of 
the cut off plates, considered in relation to the ports in the main valve, 
is given by 

This lap is positive when x^ is numerically greater than x, and 
negative when x^ is numerically less than x. 

To make use of equation (6) in the design of the cut off plates and 
adjusting gear, the process Ls first to calculate the values of the crank 
angles for cut off at, say, 10, 20, 30, 40, 50, 60 per cent, of the stroke, for 
both the cycles, and then, using these in (6), find the corresponding 
values of f . These values are the respective laps required for cut off at 
the fractions of the stroke from which the different values of the crank 
angles were calculated. 

Comparing these values of Z, it will be found that to secure equality 
of cut off at a given percentage of the stroke the laps must be different. 
The gear can be set to allow this difference in the laps. It will also be 
found that this difference requires to be changed for each cut off, to 
secure equality all through the range taken. This of course cannot be 
arranged for, because the valve can only be set for one difference 
between the laps. An example will illustrate the way of using the 
equations. 
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77. ■xsmpto. Mmfmr g^mr. The following are date fiom 
engine fitted with the Meyer cut off valve. 

Ratio of the length of the connecting rod to the crank, 5'5 a 

Eccentricity of main gear eccentric, I'S'' r 

Angular advance of sheave, 130 d^p!eee ^ 

Eccentricity of cat off sheave, rS'' n 

Angular advance of cut off sheave, 180 degrees ^ 

Find the lap of the expansion valve so that cut off may take {dsoeak 
10, 20,30, 40, 60, or 60 per cent of the stroke, for both the instrokeiad 
outstroke cycles, and deduce firom these laps the best setting of tbe 
expansion valve. 

The first step is to calculate the series of crank angles CGnrespondiog 
to these given fractions of the stroke. These are to be computed hj 
means of equation (6), Article 71, the numbers there introduced beiog 
those for a connecting rod 5'5 times the length of the crank. 

The details of the calculation are set out in the following table. It 
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pistoD position has been found for the instroke cycle, the angle in the 
outBtroke cycle corresponding to this position is given by 360 — 0. The 
angles found in this way are shown in the right-hand column of the 
table. 

With the given data, the respective values of C and D, from equa- 
tions (4) and (5), Article 76, are 

C= 1-5 ( - 1 - ( - 0-6427)) = - 0-536 
i)= 1-5 (0-0-766) =- 1-149 



and hence p = V(? + /> = 1266, 

— 1-149 
and tan ^= - - = -|- 2-141. ^^ therefore is equal to 64° 58', say 

85 degrees, from the tables, but the negative signs above prefixed to 
both the numerator and denominator show that the angle is in the 
3td quadrant, so that -^ = 180 + 65 = 245 degrees. 
Therefore from (3) Article 76 

f= 1-266 cos (^ + 245). 

Introducing the values of 6 given in Table 4 successively into this 
equation, the results in the second column of Table 5 are obtained for 
the instroke cycle, and those in the third column for the outstroke cycle. 





TABLE 5. 






Laps. 






Cutoff 


Instroke 


Ontstroke 


Difference 


10 7o 


-0-34" 


-0-20" 


014 


20 7o 


-0-68" 


- 0-52" 


016 


30 7c 


-0-92" 


-0-76" 


016 


40 7o 


- 108" 


- 0-95" 


013 


50 7o 


- 119" 


- 110" 


009 


60 7, 


- 1-25" 


- 1-20" 


005 



The right-hand colunm gives the diflferences between the laps required 
to give equality of cut oflf at the stated fractions of the stroke. If the 
length of the valve spindle is adjusted so that when the cut off is at 
20 per cent, of the stroke the laps on the valve are 068 for the instroke 
cycle, and 0*52 for the outstroke cycle, the cut offs at 10 and 40 per 
cent, will be nearly equalised, and at 20 and 30 per cent, they will be 
exactly equalised. The inequality at 50 and 60 per cent, must be 
accepted. 

D. V. 9 
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The cat off by the main valve in the engine fiom whidi these 
have been taken occnned at 70 per cent, of the atrake in the on! 
qrde. and 62 per cent, in the inatzoke eyde. This inequality waa of 
moment, becanae the cat off for the mNrmal oonditiona of woiking vit 
between 20 and 30 per cent. 

The main valve waa set with aneqnal inside lapa to eqoaliae ihs 
compreaaiaQ pcanta. Beleaae by the main valve took place at 94-5 per 
cent, finr the outatroke, and 96 per cent, finr the inatioke. 

The engine waa indicated, and the pair of caida coneapcMiding to ai^ 
cat off between 10 and 40 per cent, of the stroke were not aensiUf 
diflferent in area. 

To find the velocity of cat off, the velocity of the expansion valve 
most be calculated with regard to the main valva Thna, let Vj be the 
actaal velocity of the cat off valve at any instant, and v the cone- 
spending velocity of the main valve, then the velocity of the expansiQii 
valve relative to the main valve is 

r, — V. 
This may be calculated by using exiHession (11^ Article 73, to find the 
velocities separately, but the most expeditious way is to differentiate 
expression (6) with regard to the time, obtaining 

It = - 2wiip sin (« + 1) (7), 

ff being the velocity of the expansion valve with regard to the main 
valve. 

It is instructive to calculate the velocity corresponding to the several 
cut offs of the instroke cycle given in Table 4, which Table gives also 
the several values of the crank angle required in the computation. 
The results are shown in the following Table 6. The bctOT with which 
the figures in the third column must be multiplied to give the result 
in feet per second, when the crank makes 2 revolutions per second, 
is p 2irn = 1"32. 

The minimum lap on the inside of the blocks may also be calculated 
Referring to Article 65, it will be remembered that the blocks having 
been adjusted to their maxihium distance apart, the minimiiy p inside 
overlap is given by the expression 

«-ir, 
u being the inside overlap when the blocks occupy their central 
position with regard to the main valve, and z the greatest diminution 
of M due to the motion of the blocks with regard to the main valve; 
£ is in fact the maximum value of f. Hence the problem is reduced 
to finding for what crank jmgle 6 
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is a maximum, and this is evidently solved by making ^ + '^ equal to 
O or 180, given p = the maximum value of f. Hence the minimum 
Ofveriap is always given by 

u — p. 

TABLE 6. 

V^ocities of cut off, in the example of the Meyer Oear. Instroke Cycle, 

Data r^ = r = 0125 foot. 
^ = 180 degrees. 
^ s 130 degrees. 
n = 2 revolutions per second. 
Imaginary eccentric radius = 1*266/12 = 0105 foot. 
Angular advance of imaginary eccentric = 245 degrees. 
,, = - 0105 sin (0 + 245) 27m. 

Velocity Ft. per see. 



Cntoff 

10 7. 


Ciank Angle 
40° 18' 


8m(tf + ^) 
- 0-964 


when n = 

1-27 


20 7o 


57° 36' 


- 0-842 


111 


30 7, 


71° 30' 


- 0-688 


0-91 


40 7o 


83° 42' 


- 0-519 


0-69 


50 7, 


95° 12' 


- 0-339 


0-45 


60 7c 


106° 30' 


- 0-148 


0-19 



78. Out off platei. Constant lap. Variable travel. In this case, 
the lap of the expansion valve is constant, and the cut off is varied 
by varying the travel of the valve in the way indicated in Article 67, 
Fig. 63. 

Let r,, ^ be the eccentricity and angular advance of the expansion 
eccentric, and r, ^ the corresponding quantities for the main valve, as 
in the last article. Then the half stroke of the oxjmnsion valve is 
given by wr,, where m is the ratio d : c. See Fig. 64. The expressions 
(4) and (5) of Article 76 become 

(7 = mr, cos^i — r cos (f> = mE - F (1), 

2)=mrjsin ^j — r sin^ = inG — H (2). 

Hence to find m so that cut off may take place at a given fraction of the 
stroke, calculate the corresponding value of the crank angle 0, write L 
for f , and find m from the equation 

± L =^ {mE - F) cos 0-(mG-H) sin (3); 

the transformation of this equation into one giving the elements of the 
imaginary eccentric is carried out in the tjanie way as for the Meyer 
gear. Art. 76. 

9—2 



CHAPTER VII. 

REVERSING GEARS. LINK MOTIONS. 

79. Preliminary. If the crank shaft of a single cylinder donl 
acting engine is turned into one of the positions where the pistoa 
at a dead point, the appropriate steam port will have a certain 
breadth of opening which has already been defined as the lead. 
motion of the piston from this dead point, along its stroke, may 
spend to a motion of the crank in either of two directions^ 
clockwise or counterclockwise. In which of these two directions the 
shaft will turn continuously when steam is admitted into the 
will depend upon the setting of the valve gear. It is easy to 
in which direction the steam will drive an engine in any given < 
trying in which direction the crank shaft must be turned to i 
the breadth of the opening for steam as the piston leaves the dai4^ 
point. In other words, the direction of rotation of the crank 
which causes the lead to increase, is that in which the engine will xvi( 
continuously when steam is admitted to the cylinder. A more 
way of discriminating between the two directions of rotation is te' 
place the piston at a dead point and observe which way of tailing 
increases tlie distance of the valve from its central position. Tb6 
direction in which the steam will turn the crank shaft is that irfiidr 
produces an increase of the valve displacement from its central positkn- 
when the piston is moving from its dead point. 

Definition. A valve gear whose setting can be readily altered av 
that it determines a distribution of steam by the valve which will tnxm 
the crank shaft in either of the two directions of rotation continuooi^ 
is adied a reversing gear. ]! 

jf 

80. Hand reversing. Slow speed engines which run normally jtf 

one direction, but which occasionally have to be reversed for 
revolutions, are sometimes fitted with a valve gear which only defr**"' 
mines the turning of the shaft in the normal direction. The valve gi 
is designed so that it can readily be disconnected from the ywi 
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spindle, and anangements are made whereby the vdve spindle oui be] 
operated by hand. The engine-driver can then canae the engine t» i 
run in the reverse direction by giving a soitsble motion to the faba 
The speed most be slow enough to enable the engine-driver to fiilbv 
the motion of the piston, either by watching the crosahead, or Iqr 
watching an indicator placed near tiie driving |datfiinn ahowiiy tie I 
motion of the engine crank or the pisUm. Usually the valve is dmal 
through a rocking lever, the valve spindle being connected to it at oae 
end, and the end of the eccentric rod being hooked on to a driving stad 
at the other end. The end of the eccentric rod can be lifted off tfaeshd 
and placed so that it slides backwards and forwards without movn^gfle 
lever. The valve can then be operated by hand by means of the 
rocking lever. This is the principle, of the method of reversing in 
general use on the large American river steamers which are fitted with 
beam engines. Fig. 70 shows the driving platform of the enginei of 
the paddle steamer " Puritan/' belonging to the Fall River line, nmmng 
between New York and the Fall River. The engine is of the oompoonl 
condensing type and can work at the rate of 7500 horse power. Etch 
paddle wheel is 85 feet diameter and weighs 100 tons. The besm 
alone weighs 42 tons. The high pressure cylinder is 75 inches diameter 
and 9 feet stroke, the low pressure cylinder being 110 inches diameter 
and 14 feet stroke. A full description of the steamer and the enginei ] 
will be found in Engineering, January 16, 1891. The illustration is 
only reproduced here (by the courtesy of the editors of Engineenng) 
in order to show that one of the heaviest engines in the world is 
worked in the reverse direction by hand after lifting the eccentric rods 
out of gear with their respective rocking shafts. In this case, however, 
the valves are actually lifted by a small supplementary engine whose 
action is controlled by hand levers which are seen at the centre of the 
driving platform Fig. 70. 

The gab ends of the eccentric rods Oi and G^ are both shown lifted 
out of gear with their respective pins Pj, Pj. The mechanism by 
means of which the right rod is lifted off its pin and supported when out 
of gear is seen at H. The dial on the wall to the right shows the 
position of the crank and indicates to the engineer the proper time to 
operate the valves. 

81. The loose eccentric sheave. The method of reversing by 
means of a loose eccentric sheave is an extension of the method of hand 
reversing to cases where the engine is required to run continuously in 
either direction. 

The arrangement depends upon the fact that the crank shaft 
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ives the eccentric sheave so that the driving pressure, exerted by the 
iaft on the sheave, is tmnsmitted through one face of the key for one 
irection of rotation. Thus, Fig. 71, s^o long as the shaft is turning in 
ie direction indicated by the arrow, it driven the eccentric sheave 
irctugh the face AB of the key. Suppose the part behind the face CD 
L>f the key to be cut away as shown, thcn» if the cmnk shaft is turned 
in the opposite direction, the sheave will not move until the face CB 
of the key comes into contact with the end cd of the curved slot, and 
if this length is so proportioned that in the new position of the 
aheave the angle between it and the crank is equal to the angtilar 
advance required for the reverse direction of running, the sheave will 
give a motion to the valve such that the engine will run continuously in 
the reverse direction. To get the crank shaft to make this small 
reverse angular movement whilst the sheave is at re^t. the eccentric rod 
most be disconnected from the valve spindle and the engine reversed 
by hand. Immediately CD is in driving contact with the sheave, the 
eecentric rod may be dropped into connection with the valve spindle 
agxiin, and the engine will continue to nin in the reverse direction. 
Fig. 71 merely shows the principle on which the loose eccentric is 
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Tig. 71< Tig. 72. 

The Loose Eccentric Sheave, 

arranged. In the practical application of a loose sheave it is always 
desirable to atld a balance weight so that the sheave will not tend 
to turn on the shaft by its own weight. It used to be the practice to 
form the driven faces on this balance weight as indicated in Fig. 72, 
where the weight is shown bolted to the sheave. ACDB is a circum- 
ferential key secured to the shaft, and it drives the sheave by contact 
with either of the faces AB and OD, 

This method of reversing has been used extensively on the oscilla- 
ag engines of paddle boats, and until quite recently could be seen on 
be steamers pipng on the Thames. Possibly the most recent applica- 
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tioD of this method is to be firand on some oompomid looomotiFes 
designed hy Mr F. W. Webb for the express traffic of the London md 
North- Western Railway Company. One of these enginei^ "Jssnie 
Deans,** is described and iUnstiated in jRi^uwsrMg^ Tk 

two high pressure cylinders of this engine drive one axle» and the 
valve distributing the steam to each cylinder is moved by a reveniif 
gear of a type to be explained in a later chapter. The single knr 
pressure cylinder drives a second axle, on vAiich is placed a looae 
eccentric sheave for the purpose of operating the slide valve. The 
reversal of the engine is effected by the high pressure cylinden and 
valve gear, and a fraction of a revolution of the low pressure axle in the 
reverse direction brings it into contact with the sheave in the angular 
position necessaiy for continuous running in the reverse directioD. 



82. B«Tarsliif gears with two eooantrlo aliMnrea. An obrioos 
way of constructing a reversing gear is to provide two eccentric sheavei^ 
one keyed to the crank shaft at the angular advance proper for positive 
rotation, the other keyed at the angle for negative rotation; and to 
arrange the two corresponding eccentric rods so that the end of eiAer 
can be coupled into driving connection with the valve spindle, whibt 
the end of the other, free from any connection with the valve spmdlei 
moves idly to and fix). 

Fig. 73, a diagrammatic sketch made fix>m the model of the loco- 
motive " Austria" in the South Kensington Museum, illustrates a form 
of gear used by Non-is of Philadelphia in 1837. 

There are two fixed eccentric sheaves, indicated by their centre 
lines only, keyed respectively in the positions required for positive and 
negative rotation. It may be noticed incidentally that the introduction 
of the rocking lever T, between the end of the eccentric rod and the 
valve spindle, requires that the eccentrics be keyed exactly 180 degrees 
with the positions for outside steam admission with direct connectioa 
(Sec Fig. 85, below.) The end of each eccentric rod is held up by a 
pair of suspension links, one of each pair, 8 and «, being seen in the 
figure. These links are free to swing about the centre U, thus guiding 
the points E, e, of the respective eccentric rods in circular paths, whose 
centres are at U. For long suspension links and small angular motions 
the paths of the points E and e are not greatly different bora straight 
lines. The centre, Uy is at th<> : an arm, forged solid with the 

shall B, usually called the ' JLshaft," which can be turned 

into either of two pasit* wk-B^ about the axis F, which 

axis is detenuined b; >e fiame. Thus, the 

axis U can be fixed i -ill of the engine- 
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Pig. 74. 




Howe^SUpJieiwort 1842 

Pig. 75. 
The Genesis of the Link Motion. 
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driver by means of the levenring lever JR. The end of each 
rod 18 formed into a V, or gab, the bottom of which is shaped bUi 
recess fitting the pin P round'half of its Gucnmferenoe. Hie pm Ft 
carried by one end of the rocking lever 7*, the other end bei^g < 
to the valve spindle V. In the figure the pin P is receiving 
firom the upper eccentric rod. To reverse the motion, the lew ^ 
is disengaged firom the slot holding it and palled back into 
slot Q, turning the weigh-bar shaft about the fixed oentrei F, i 
that the centre of suspension is brought to Ui, thersby lifting 
upper eccentric off the pin P and bringing the lower eooentaie 
connection with it. 

Many forms of this kind of gear were in use about this time viA | 
many variations in the mechanical details by means of which thi! 
connection of the eccentric rods to the valve spindle was eontndki 

About the year 1840 Stephenson introduced the form shown in 
Fig. 74. Here the gabs are placed directly on the valve spindle, tiie 
ends of the eccentric rods are connected by the straight link X» ani 
one pair of suspending links, one of which, 8, is seen in the figure, sene 
to hold up and to guide the motion of both ends of the eooentrie lodi. 
In the figure, W is the centre of the weigh-bar shaft; U^ one of the two 
possible centres of suspension ; P, the block which receives the motiflD 
fix)m whichever eccentric rod is in gear with it, and R the rod leading 
to the reversing lever on the footplate. 

83. The link motion. A slight change in the mechanical 
armngonient of the gear shown in Fig. 75, made in 1842, resulted in 
a rovorsing gear of extraordinary fitness for locomotive working. The 
change, iis will be seen from the figure, is merely the direct connectioiiof 
the valve spindle with the link L which holds the ends of the eccentric 
nxls a}mrt, the link being now curved and slotted to permit one or 
other of the ends of the eccentric rods to be brought as neariy opposite 
the pin P as possible, by the turning of the weigh-bar shaft about its 
fixinl axis ir. This change is attributed to Howe, at the time a work- 
man in Messrs Stephensons employ at their locomotive works at 
Xowivustlo. Hoth figures, slightly altered to show the suspension 
links iS distinctly, are taken from Locomotive Engineering by Zera 
C\>lburno. For some riMuarks rt^lating to the invention of this motion, 
see Link Motions and KxpunMon Gears by N. P. Burg, London, 1870. 
The arrangement was adopt <h1 bv Stephenson and the gear has sinoe 
gi^ne by the name of the Stephenson Link ^' 

This motion, in addition to IxMng a » 
oxjvvnsion gt^ar, for if the jx>inr 
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eome infcennediate point between U and fJ^, as iZ,, aaj, the point P 
will receive a motion compounded of the motion of Vjth the ends of 
the eccentric rods : and this compound motion is very much the same as 
the point would receivo if it had been connected directly to an imagi- 
nary eccentric rod, driven by an imaginary eccentric sheave Having a 
greater angular advance than either of the actual eccentric sheaves 
and a smaller radius : moreover it also happens that the displacement 
curve of the point P in thiB intermediate position is such, that with the 
same lap on the slide vjilve which is required for a proper distribution 
of steam in either of the extreme positions, a proper distribution of 
steam ciin be obtained for driving the engine with an earlier cut oS, the 
point of cut ofif depending iiprm the position of the p>int of suspension U, 

Thus the link motion was a happy solution of the problem of 
arranging a convenient reversing gear, and a most happy, though 
fortuitous, solution of the greater problem of designing a simple gear 
bj means of which expmsive working was possible. There seems to 
be some doubt whether this enormously vahiable property of the gear 
was discovered at once, or whether it dawned upon the users and con- 
fitmctors of the gear gr^idually. It was however thoroughly understood 
in course of time and engineers found themselves in possession of one 
of the most beautiful mechanisms ever invented. 

Once its properties were known it wjis carefully examined as an 
expansive gear and other forms proposed, varying to a greater or less 
degree from the original ty|>e, the most notable of these being the 
Gooch and the Allan t^^es. There were several other forms brought 
out on the Continent, but most of them were more complex. The 
objects of these different inventions wilt be described more particularly 
below. It is remarkable that, at the present day^ the lai^e majority of 
locomotives and marine engines are fitted with the link motion, almost 
in its primitive form, though on the Continent the Walschaert gear, 
described below, seems to be displacing the link motion for locomotive 
work. 

A modem form of the link motion is shown in Fig. 76, which 
representa a standard motion designed by Mr Holden for the Great 
Eastern Railway Co. The only practical difference between this gear 
and the gear of Fig. 75, is, that the suspending links 8 (there are two 
links one hiding the other) are jointed with the link at its centra Q« 
The point of suspension can be placed in any intermediate position 
between the extreme positions U and t7, by means of the reveising 
Acrcw R, The valve spindle is connected to the link by the inter- 

'lAte valve rod /, sliding in guides G, having ample bearing surface. 
^d of the valve rod is forked, and the pin P passes through th« 
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fork and a guiding block J/, called the motion block, which slides in the 
slot of the link. The link is shown in a position which determines 
positive rotation of the crank shaft, the motion given to the point e 
of the link by the eccentric sheave A predominating over the motion 
given to the point E by the sheave Ai. 

The weight of the gear suspended from the point U is usually 
balance by a cheese weight carried on an arm forged solid with the 
weigh-bar shaft. In this gear however, the weight is balanced by the 
effort of a spring coiled on the weigh-bar shaft. 

It will be observed that when the link is moved from one extreme 
position to the other by the turning of the weigh-bar shaft, the axis P 
of the motion block must pass the axis Q, at which the link is jointed 
with the suspending rods S. The way the link is constructed to allow 
this to take place, and at the same time to ensure that the centre line 
of the spindle / is central with the link, is shown in Fig. 77, which is 
a cross section of the link through the axis Q. The two side pieces 
carrying the pins for the jointing of the suspension links are usually 
rivetted to the link itself. By this construction the link and its 
suspension is made symmetrical with regard to a vertical plane which 
contains the axis of the spindle /. 

A recent American design for a locomotive link motion, for the 
particulars of which I am indebted to Mr Mcintosh, Superintendent of 
Motive Power, Central Railroad of New Jersey, is shown in Figs. 79 
and 80. In the general elevation the chain dotted frame is in front 
of the link gear, full lines only being employed at the part near 
the cylinder which supports the rocking lever. The end view is 
taken looking in the direction from the chimney towards the trailing 
end. The gear belongs to an engine of the Central Railroad of New 
Jersey and the engine is one of a number manufactured for that 
Company by the American Locomotive Company, Dunkirk, N.Y., who 
have kindly supplied the drawings. The engine is driven from a cab 
which is placed astride of the boiler, so that the reversing lever is 
attached directly to the weigh-bar shaft whose axis is W. The link 
is suspended from the centre U, by a single suspension rod *S*, which 
is seen better in the end elevation, and it is jointed to the centre 
of the link. The eccentric rods are jointed to the link at centres 
which are slightly displaced towards the driving axle, a construction 
which allows either rod to be brought in line with the centre of the 
motion block M, in the extreme positions. Steam is taken on the 
inside of the valve, so that the eccentric sheaves have to be placed 
as shown with regard to the main crank. The motion block, and with 
it the end of the intermediate rod /, is suspended from a fixed axis X, 
by the short link G, the pin which fonns the common joint being clearly 
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the end elevation. The axis of the motion block P is therefore 
led to move in the arc of a circle whose centre is at X. The 
* end of the rod / is jointed to a rocking lever R, Thijs rocker is a 
Wfy casting of substantial design, the two arms being well ribbed 
igether* lt8 end elevation is shown in Fig, SO, displaced upwards 
Hough a distance oA in order to show the parts in end elevation 
Hdy. It is placed astride the bar frame, the fixed pins on which it 
icks being bolted to the frame. The second arm is connected by a 
fcoft pair of links i, to the valve spindle F, The links G, I, and one 
Bpf the rocker, really fonn a four bar chain, of which the engine 
Ke is the fixed bar. The introduction of the rocker enables the 
t off to be equalised at a given fraction of the stroke in a way 
Hilar to that explained in AHicle CO. The New Jersey engines of the 
lautauqua class to which this gear belongs, are a powerful type, The 
ate area is 82 square feet, and the total heating surface is 2967 square 
St of which 174 square feet are provided by the fire box. The boiler 
of the wagon top kind, working at a pre^ure of 210 lbs, per square 
;h^ and the barrel is telescopic, the diameter at the smoke box end 
vag 6' 8"* The centre line of the boiler is 9' H\** above rail levelj and 
e total length of the engine over all is W* %\*\ These engines are used 
Work the service of fast expresses between New York and Philadelphia, 

Fig, 81 shows a general arrangement of a link motion fitted to a 
Mine engine. It represents the gear for the intermediate cylinder 

the jKjrt engine, looking aft, belonging to a cruiser of 22^000 
Tie power> built for the British Government by Measra Humphry and 
^tmant* The link Ee consists of a solid bar passing through the 
iitrir? of a substantial niotion block M, being jointed with it by means 
the pin iV^, which is slotted to allow the link bar to [mss through it, 
be vertical motion of M is constrained by a single guide bar securely 
>ld by the bracket G* The naotion block in this ciise is formed with 
CJToss- piece at the top so that it can be connected to two valves. This 
ethod of construction is peculiar to Messrs Humphry and Tennant, 
B more tisual way adopted by marine engine builders being to make 
e link up of two solid bai^ with distance pieces at the ends* the 
Dtion block being placed betwettn them. The ends of the eccentric 
da ^*e forked to carry the respective ends of the link. Returning to 
g. 81, the link is suspended from the end B by the suspension link, or 
»g link as marine engineers eometimes call it, bU. The weigh- bar 
aft^ of which the cross section is seen at IT, runs along the whole 
agth of the frame and is common to the four sets of link motions 
longing to the engine. In order t*) allow the point of susjiension of 
^ of the four link motions to be adjusted independently, the joint U 
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IB carried in a slut foniiLHl in the eml of tho arm WU^ the arm of ooniw 
being keyed to the weigh shaft. TH*> •*^tinn of U in the dot w 
e(mtn>Ued by the hand wheel )' 
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The weigh shaft is operated through the lever WZ by means of a 

BtnaW steanj engine shown to the left. The i-<?tation of the cmnk shaft 

of tbis engine is transferred through a worm and wonii- wheel to the 

nhftft 1^, the right-hand end of which passes through, and is supported 

by, j**iiraab in the frame F, fixed to the engine standard. The part of 

the shaft S which Ib between the journals of the frame F is screwed, 

and engages with a nut T to which the frame F acts as a guide. The 

rotition of S therefore moves the nut, and by means of the C(jnnecting 

link TE, turns the weigh-bar shaft. A wheel iZ is geared with the 

diaft S, so that the weigh-bar shaft may be operated by hand if neces* 

«irj'. The wheel It also acts as a flywheel to the small steam engine. 

The reveii?ing engine, which is itself reversible, is of the kind shown 
dingniinmatically in Fig. 149 below, the principle of which is described 
in Article 130. After reading that article it will be understood that in 
addition to the slide valves used tor the distribution of steam to the 
flinders, a valve is required to interchange the sbeam with the exhaust 
^^waiiges when the small engine is to be reversed. This vaive is indi- 
cted at C\ Fig, 81, and is m^ide of the piston t)^e. It will be observed 
that the valve spindle from C projects below the cylinder, and is con- 
^^ted, through a bell crank lever k, with a lever L, the upper end of 
^bich is ciinnected to a rod H Ijing pamllel with the screw cut on the 
^fiaft S. A nut JV on the shaft moves slowly in its guides as the shaft 
IS turned, and in the extreme position at either end of its travel strikes 
^ stop fixed to the rod, the distance apart of the two stops being so 
^IjiLsted that when the large nut T has reached the end of its travel in 
*Jither direction, the rod is struck through a small distance, sufficiently 
pmi however to move the valve (?over, so that the steam and exhaust 
passages are interchanged* 

In this way the reversing engine is automatically reversible. Hence 
when steam is turned into it, the effect is, that the nut T moves back- 
wanls and forwards in the guides F, thereby swinging the link con- 
imnousiy from the full ahead to the full astern position and back again, 
thas allowing steam to pass continuously through the main engines 
without driving them continuously in the same direction. The crank 
ttbaft merely makes oscillations; the engine is rc^y however to be 
started away at full speed ahead immediately the oitler is given, 
because to do this it is only necessary to stop the reversing engine 
when the link is in the proper position. An index / attached to the 
nut lY shows the position of the link, and may of course be graduated 
to give the cut off in the cylinder. 

84 The general angular positlottt of the eccentric sheaves. 

The introduction of a rocking shaflb reverses, or does not reverse, the 

10 
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^ of tbe mauam of tbe islie with vqpid to the piston, aoooidingi 
theanmof die lodcier are on the ofipoflte, or on the nine, aide «i 
uk of the diafL Again, the phase amy be letened bjtekmgi 
on the inode of the vahne. The faHoving diagniina ahow the ] 
amngement of the gear in nrioni ean& In theee diagnuoDs 
obeerrer is aup poaed to stand fiMi^g the cngiDe with the cyliiider 
his left, and the crank diaft on his lights and the crank is on 
degree dead point, that is. the pnton is on the dead point wInr i 
18 just gvMng to begin the instroke. 

Fig. 82 shows the nonnal case ibr En^ish kwomotivea where i 
is taken on the oatside of the Tslve and the centre of the motion VkA\ 
is jointed directly to a continoatiMi of the Tslve spindle. 

Fig. 83 shows the case when inside admiasion is used* a metiioi| 
sometimes adopted with piston waives, because then the hi^ prannn { 
steam is kept away from the glands of the steam chest Henj 
the forward eccentric sheave is set with a lag Xi and the backward wA \ 
alagX,. 

If a rocking shaft is introduced into the gesr of the kind shown ii 
Fig. 79 the eccentrics should be set in the same way as in the tso | 
previous cases. If, however, the arms are on opposite sicka of the sriik 
the settings corresponding respectively to inside and outside adminifli 
are shown in Figs. 84 and 85. 

In all these cases the upper half of the link is used for positive 
rotation (forward running), and this necessitates the crossing of the rods 
in the two cases where the eccentrics are set with lag. 

86. Examination of the distribution of steam effected hj 
a link motion. To examine the distribution of steam effected by 
a link motion, dinplacement curves of the valve must first be obtained 
for (liff<T(;nt positions of the point of suspension, U, either by drawing 
or by ini^ans of a model of the gear. E^h position of the point of 
Husponsion is determined by the angular position in which the weigh- 
bar shaft is locked by the reversing lever, reversing wheel, or reversing 
rn^iiHi. Thi^ point P, Fig. 76, is rigidly connected to the valve, so 
that a (iisphu'pment curve for P is the same as a displacement curve for 
tJu^ centre of the valve. Having obtained a set of displacement curves, 
{,\u^ common vertical axis of the system may be fixed so that the 
rcMpcctive h^ads for the two cycles are equal for a particular curve. 
'riu'U add tlu» lap lines and the piston displacement curve, and the 
valve diagram is complete. 

86. Definition of u. > ent way to distinguish between a 

Hot of diHplacoment curves "^ with the numerical value of 
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Tig. 85. 
LiJTK Motions. Angular positions of the Eocbntric Sheaves in 

VARIOUS arrangements. 
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the quantity which will always be denoted by ti. This quantity is the 
distance at which P, the centre of the motion block, stands from Q, the 
centre of the link when the crank is at degrees, that is to say, when 
the piston is on the dead point at the beginning of the instroke cycle. 
Moreover, since the block may stand above or below the centre of the 
link, let +u denote a distance measured above the centre Q, and -wa 
distance measured below the centre Q. When the motion block is at 
the centre of the link, P coincides with Q and t* has the value zero. 
In these circumstances the link motion is said to be in " mid-gear." 

87. Valve displacement cunres of the areat Eastern Railway 
link motion illustrated in Fig. 76. In this gear it will be noticed 
that the line of stroke of the piston is inclined to the line of stroke of 
the valve. As explained in Article 61, to find the angular difference 
between the crank and eccentric sheaves to be used in drawing the 
diagram, the two centre lines are to be brought into coincidence. In this 
example, Fig. 78, the angle betw^een the centre lines is approximately 
eight degrees. When the centre lines are brought into coincidence the 
actual angular advance of the positive eccentric sheave (forward), namely 
112^ degrees, will be diminished to 104 J degrees, and the actual 
angular advance of the negative sheave (backward) will be increased to 
104^ degrees. Thus, in working out the distribution effected by this 
gear, equal positive and negative angular advances are to be used. 

Displacement curves of the point P are shown in Fig. 86 for 
the following values of w, 

4V' 3" H" -\\" -3" -4i". 

The centre lino is placed to bisect the horizontal distance between 
the points where the 4.^" displacement curve cuts the horizontals 
through and 180 degrees. The steam laps are each equal to | inch, 
so that the lap lines are drawn J inch respectively to the right and 
left of the central lint'. Tlie exhaust lap is zero for both cycles, 
hence the intersections of the central line with the displacement curves 
detennine the difteront releavSe and compression points. Observe, that 
the displacements of the valve are now measured from a centre line 
which is common to the whole family of curves, but which does not 
correspond with the centre of oscillation of any one of them. If, there- 
fore, the laps of the valve wore motisured according to the instnictions 
of Article 47, namely, with reference to th(^ centre of oscillation, they 
woidd be unetpial for any on(» displac(^ment curve ; and this inequality 
would be different for different displacement curves. It is more con- 
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venient to fix a common vertical axis in the iray ahown in the 1 
and to consider that the valve has equal laps fixr the two cjrdei^ Ami 
refer the kps to a line drawn thioogh the centra of oscillation 1 
to each displacement curve. 

The connection rod is 6*86 times the length of the cnak^siid I 
corresponding piston displaoement curve is shown on the diagram. 

A careful examination of this valve diagram will place the i 
in possession of the chief characteristics of the distribation of i 
eSSacted by the link motion. 

First, fix the attention on the displacement curve maiimd ««4l'. 
In general shape it is like the curves already ccmsodered in cCTinsntiM 
with the simple eccentric gear. Running the eye down it, starting fi« \ 
the zero position of the crank, it will be observed that the lesd ii 
0*17 inch, and that cut off, release, compression, and admiiwiflii M 
respectively determined for the instroke cycle by the points 

^» ^it "a» ^» 

Referring these points to the piston curve and from thence to tfa 
percentage scale, it will be found that the distributioii of steam eom* 
sponding to the position of the point of suspension U^ which nabi 
u-4i^ is 

Cut off, 75 per cent. 

Release, 91 per cent. 

Compression, 92 per cent. 

Admission, 99 per cent. 

Maximum opening for steam, 1*12". 

Maximum opening for exhaust, 1*82". 

These figures are tabulated in the top line of Table 7. Next, look at 
the curve marked u = 3". The lead has increased slightly, and the 
events of the stroke are determined by the points 

Ca, Tj, k^, d^t 

the percentages corresponding to which are shown in the second line of 
the table. 

When u = \\" the lead has again increased, and now the points 

Cs> f*Zi Kit ^ 

fix the distribution. 

Examine next the curve marked u = — 4^". Starting from the top 

of the diagram and running the eye *M be seen that the 

opening for steam on the dead r^ 1J10 1^ 
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«* — + 4 J", but that as the crank angle increaseB poaitively, the 
&ment cun'e alruo8t immediately crosses the lap line, showing 
ato^ at A^. From tfaie point no steam can get into the cylinder 
itil the curve reaches (A, but then the pressure is tvettng to oppose the 
tion of the piston* It is evident, therefore, that the distribution 
ph» that the engine cannot be driveti by the steam in the positive 
ction. But now start from the 360 degrees crank position imd run 
.eye upwards along the curve. The tead is 0^17 and the points 

t/i, it|, Aj, j1, 

ine a distribution which is practically the same as that deter- 
ained by the displacement curve ft — + 4jf", providing the crank angle 
k; reckoned from SCO backwards up to degrees, that is providing the 
muJc turns in the negative direction. Thus, when steam is admitted 
o tiie cylinder, the crank shaft will turn in the negative direction, 
Kmilar considerations apply to the cur^^es u = — 3" and u ^ — 1^'', 

Consider the curve corresponding to u — 0. Starting from the zero 
Msition of the crank and running the eye downwards, it will be found 
luit the lead has a mAximum value, and that cut off takes place very 
Ti namely at 13 per cent of the stroke. Release occurs at 52 per cent. 
'^^mpression at 52 per cent, of the return stroke. Again, skirting 
m the crank angle 360 degrees and working upwards along the 
e, it will be found that the distribution eflected is to all intents and 
the same a^ found from as the starting point. That is 
ty. the distribution is such that it is equally able to drive the 
ne in the positive or the negative direction, if it can drive the 
\^ne at all. If the cut off at mid*gear is not excessively early, there 
LV be enough positive work done during the stroke to overcome a 
,t load, such as the engine friction. For instance, a locomotive 
fining light and in the forwjird direction, may continue to run 
ard when the link motion is brought into raid-gear. If the engine 
fevened it may continue to run backwards when the link motion ie 
ght into mid -gear as before. Thus, for this one position of the gear, 
le engine may be running either forwards or backwards, 

tFor the outstroke cycle, start the consideration of the displacement 
rves marked with positive values of u from 180 degrees, and work 
WB wards. For the displacement curves marked with negative values 
t/, st4irt also from 180 degrees, but work upwards. All the points 
viBg the distribution of the outstroke cycle are similarly lettered to 
.me of the instroke cycle, but are distinguished by having a circle 
round the letters. 
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Th-^ rr->-i".:j :■. r V- :r. :v .•'.-.-> xcA for :hr s^rven v^ilae* of <i slated, are 
^ ".".'i::'': :■ jv:"r.rr :r. Ttrl-r 7. Eli»:b. h'jr:2..-n:al line 'jf thi* table corre- 
?> r.'i? :. r.r :-dr_::^ :r.-i:.^a:.:r iA^Ani. F.-r p»:<?i:ive values of u the 
vT.ir.k sr. ir '*:!.■ r :.i>. ii. :*-t ::•.«?:•::'.>: ■iinri::n.n. and hr negative values 

T>-- :rvrj* :■:::.> : *!! '.':.- :• in:? x n^rrr.-ftl. :o :he piston curve 
"r. r.- •/.".i..;. ^r. i ::.:: :■ :':.- :«^r>.*:.i*-. ••.^r:? vrr:ix\Iiy, is somewhat 
>-:: >. Tr.- .*":• :7 :.^-.y ">. ^.r>ii-rrA*r*.y r^riiu.^i by rh^r use of one of 
Z' ;>> j...>.- < ■■*.- : r :>.- :Tr>.L:.vr-.- r*.;i>. c'-'-^Z i: •i-^'^r the diagram 
':\ ::.- T-s. ..\r- r : .:i>-:.vr.>. :>.-■ : :: -r irin: :.. i-r -jr-^ted horizon- 
:.»..;. :-. ::.- : >: ■.-. ::-.-. r. -■? :-"-:: :• ~: V- Pl^inz a jlass s<ale. 
■•r..-\ > \. '.''. .:." '. '" -..vt:^ .-..t-^ :'-- ii-.s^"*'::^ :t^ centre c»)rre- 
*:•:■.■..:.: •-:. :"" . ■■:.::■ .:r-- .r.i ::.s TXTr^i-;::^-? -^iz':: the vertical 
:• .:. ..r.- : ": : .*: :. . .r -. :>.• :>r>-:.^r ^•.fri::.^ ■.: Q can be 
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Tuluea of u. This methiKl of setting the sheaves was pointed out by 
2euoer in his Treatise on Valm QearSf it is however rarely employed* 

The chief charjicteristics of the link motioti may now be suramarised : 

(1) The lead of the valve is not constant for all positions 
of the suspending point (J, It increases from full gear, where u 
has a minimum positive or negative value, to a maximum at mid- 
gear, where w — 0. In the diagram it will be seen that the lead 
increases from 017" at full gear to O'Sl" at mid-gean 

(2) The cut off takes place earlier in the stroke as u is 
decreased, being a minimum when it — 0, 

(3) Release takes place earlier in the stroke as n m decreased^ 

(4) Compression takes place earlier in the return stroke as u 
is decreased, 

(5) Admission takes place earlier as ?* is decreased. 

(6) The centre of oscillation of the valve changes as u changes. 
This is ehown on the diagram by the unequal openings of the ports 
both for steam and exhaust. 

It may be stated with reference to locomotive working that, in general, 
the events of the stroke require to take place earlier as the piston 
^peed is increased. Bearing this in mind it would be difficult to devise 
a more appropriate mechanism than the link motion for a locomotive 
gear. All the exacting conditions of the service are, if not exactly 
fulfilled, very nearly con\plied with. It is remarkable that the charac- 
leristics of the link motion which make it so valuable were, if tradition 
be true, unknown alike to the inventor and to the engineers who first 
used it, and that its subtler properties were only discovered in the use 
of it as a reversing motion. 

8B« Percentage and port opening diagrams. Having obtained 
a sufficient number of displacement curves, it is an easy matter to 
construct diagrams from which the distribution of steam and the port 
openings may be found for any assigned valua of u» Such diagrams are 
shown in Figs. 87 and 88 for the Great Eastern Railway link motion. 
In Fig. 87 the percentages given in Table 7 are plotted vertically over 
the corresponding values of it set out horizontally, and curves are drawn 
through the points so obtained. Hence for a given value of u, positive 
negative* the coiTcsponding distribution of steam is fixed by the 
lint** where a vertical line through the given value of ii, cuts the 
curves. The port openings are plotted in a similar manner in Fig. 88. 




TABLE 7. 
Link motion, O-reat Eastern Railway, 
The tHtem ou tbe lUni^niuiii have Ihn following sigDificajice. 

a^ndmimiotif cacut ot^ r — release, i'^iJompfeauoiL 

A^adtni&siotit C^cut olf| A = release, A'=oaiiipraauiliiu 
C%£flnil« (^de. The aaiuo a« above oqIjt witb rings round thent 
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The release points rir^r^r^ become the compression points for the Outstitike Cyde. 

The compression points k^ i*s^s^4 becoiiie the release |>ointa for the Outstntlce Cycle. 

The release points R^R^R^R^ become the compiiesaion poiuts for the Outstitsk* 
Cycle. 

The compression points K^K^K^K^ becxime the release jjoinl^^Mifr Out 
Cycle, 
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The diagram may be used to find the value of u corresponding to a 
given cut oflF. For instance, suppose the value of u and the distribution 
of steam to be required when the cut oflF is 40 per cent, of the stroke, 
instroke cycle, in back gear. The point C fixes the place on the instroke 
cycle backward gear curve where the cut oflF is 40 per cent A vertical 
through this point shows that u must be — 1*7 inches, and that release, 
compression and admission occur respectively at 74, 71, and 96^ percent 
of the stroke. Continuing the line through to the port opening 
diagram below, the corresponding lead, and port openings have the 
values 0*28", 0*45" for steam, and 1*28" for exhaust. The quantities for 
the outstroke cycle can similarly be read oflF. If the 40 per cent, had 
been given with reference to the outstroke cycle a vertical through © 
would have fixed the diflFerent percentages and port openings. 

The displacement curves in Fig. 86 are sensibly influenced by small 
changes in the position of the weigh-bar shaft as will be understood 
irom Article 99 below, where it is shown how to choose the position of 
the shaft to equalise the cut oflF at a given firaction of the stroke in both 
forward and backward gears. There will therefore be slight changes in 
the shape of the curves Figs. 87 and 88, corresponding with the changes 
in the shape of the displacement curves. 

The curves. Figs. 87 and 88, also depend upon the setting of the 
valve gear. In these figures they correspond to the setting where the 
length of the valve spindle is adjusted to give equality of lead for 
u = 4i", and this corresponds with the position of the common vertical 
axis TT, in Fig. 86. A slight change in the length of the valve spindle 
would require a corresponding lateral change to be made in the position 
of the axis TT, relatively to the valve displacement curves, but the 
piston displacement curve and its attendant percentage scales would 
pfiove with the axis. The leads, port openings, and the percentages 
of all the events given by the diagram would change slightly, and there 
would be consequent modifications of the shapes of the curves in Figs. 
87 and 88. A point peculiar to link motions used with locomotives is, 
that on service the vertical distance between the centre of the weigh- 
bar shaft and the centre of the crank axle is always changing, because 
the weigh-bar shaft, and in fact the greater part of the valve gear, is 
carried by the spring supported frames of the engine, whilst the centre 
line of the crank axle is at an invariable distance fi'om the rail level. 
When the engine is unloaded, as is the case when the valves are set 
in the erecting shop, it stands high on the springs, but when loaded 
for service it settles down on the springs. If therefore the valves are 
set in the erecting shop to give exact equality of lead at mid-stroke, or 
at full gear, the engine being unloaded, when the engine is loaded for 
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service this equality would be destroyed, and the curves corresponding 
to those of Figs. 87 and 88 would be slightly modified. The changes 
are greater if the axis of the valve gear is inclined to the line of stroke. 
.Also the expansion of the valve spindles when heated by the steam 
tends to decrease the lead at the front port and increase it at the back 
port. All these facts must be borne in mind when setting the valves 
and duly allowed for by so setting the valves in the unloaded and cold 
csondition of the engine that in the average loaded and hot condition 
there is equality of lead at, say, full forward gear. One of the advantages 
of the link motion, including the modifications of it described below, is 
that the vertical movement of the spring supported part of the gear 
relatively to the crank axle, does not seriously interfere with the distri- 
bution of the steam or with the leads, and although curves like those 
of Figs. 87 and 88, which correspond to one setting of the gear, are 
modified in shape, yet the modification is slight. 

It is to be understood then that the curves in Figs. 87 and 88 only 
represent conditions corresponding to the position of the weigh-bar 
shaft, and to the position of the axis TT, shown in Fig. 86. 

89. laink motion with croued rods. An alternative way of 
connecting the eccentric rods to the link is shown in the diagrammatic 
sketch at the top of Fig. 89, forming what is called a link motion with 
crossed rods. In order to ascertain to which of the two types a 
particular link motion belongs, turn the crank into the position where 
both eccentric radii are pointing towards the link. If the rods are 
uncrossed in this position the motion belongs to the open rod type, if 
crossed, to the crossed rod type. 

The peculiarities of the distribution of steam determined by a link 
motion of the crossed rod type may be studied from the displacement' 
curves shown in Fig. 89, which were constructed from the Great 
Eastern Railway gear just considered after crossing the rods, everything 
else remaining the same. 

Comparing the valve diagram with that for the same gear with open 
rods. Fig. 86, notice 

(1) The value of u is now negative for positive rotation and 
positive for negative rotation. 

(2) The lead decreases as u is decreased, being a minimum in 
mid-geai'. 

(3) The displacement at the dead points is reduced so much 
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that the lap must be reduced to } inch in order to get 8u£Scieal| 
lead for the full gear curves, whilst for mid-gear, even with thi ] 
reduced lap, the lead is nil. 

(4) The percentages at which the events of the stroke occur i 
for corresponding values of ti in the two valve diagrams an 
considerably altered. 

(5) The travel of the valve is reduced. 

This comparison of the two diagrams will indicate that to get a 
workable motion giving a distribution of steam comparable with the 
open rod type, appropriate increases must be made both in the 
eccentric radii and in the angular advances. 

It should be understood that the valve diagram for the crossed rods, 
Fig. 89, does not represent an actual case. It is obtained from the 
Great Eastern Railway motion, which was designed for open rods, by 
crossing the rods without altering any of the other quantities except 
the lap, the object being to bring out the peculiarities of the types by 
contrasting the distributions of steam they respectively determine, 
when the only difference between them is that the one has open rods, 
the other crossed rods. Grossed rod motions may be designed to give 
equally good distributions of steam for various values of u as open rod 
motions. 

The distinguishing chanicti-ristic of the crossed rod type is that the 
lead decreiii>es as the motion is bn^ught towards mid -gear, being a 
minimum at mid-gear. 

90. Valve displacement curves of the Great Eastern Railway 
link motion, arranged for inside steam admission. A reference 
to Article 42 will recall the statement that if a simple valve gear is 
designed for outside .steam admission having an angular advance <f>, then 
it may be set for inside steam admission by merely altering the angular 
advance to an angular lag \ such that 

X = (180 -<^) degrees. 

This principle remains true for a Stephenson link motion. Gonse- 
quently if the angular advance of 104^ degrees is changed to an 
angular lag of 75^ degrees the disj)lacement curves of the valve will 
be such that steam requires to be admitted on the inside edge and 
released at the outside edge of the valve, the steam pipe and exhaust 
pipe being of course interchanged. This arrangement may be, and is 
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iOaMtiiiictas mlopt*^<l with jufttoo ^^alves, because the higli-presstin? st^am 
in«ici« thiy \ijve hiia no tendency %a Wow th« valve off the facp 4 
tht' lMirt«» ihs would be the caae with the onlitiary ^lide valre 

A wt cif cur\f« cii>rre^lid]iig to angular lags of 75| degrees fe batb 
Ihi^ furwaid anfl tb? tiackwaid eeoeotric shfBaw. is shown in Fig. 90, 
and with th« ejcctt)itiuii of the change in the angular advance* the otkr 
dimratrail of Ihc^ gemr remain the satne as thcnc! shown i>d the $kek ti^n 
iliagfrnm abci^-c th« dis^bc^^nk'ni ctirrea £ir ontaide steam admiisid 
Kg. 86. 

l^Hiktiig at the pkeletott drawing above f%. 90. it will be noticed 
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that allhiMigh the crosging of the finli iQMltai ill ■ d%fal iofT^ease of tk 
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iMd h^^miM the lap » ail a«l M Ae Hiii af the nlve. The 
eoc«fitm fwb mar of ^omm ha oaifteefei] to the Imk my thai the; 
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and the outstroke cycle by 

Admiasion 99*7 per cent. 

Cut off 78 „ „ 

Release 93 

Compression 90 „ ^ 

Comparing the^ figures with those for inside admission, Table 7, it 
will be seen that there is substantial agreement between them. The 
differences arv due to the several obliquities of the rods influencing the 
results in different ways. Xo difficulty will be found in constructing 
a table ctirresponding to Table 7 fix>m the diagram. The points deter- 
mining the insti\»ke cycle for the value of m = — 4^ inches are shown by 

Cj. llj, Al, Aiy 

the points for the outstn>ke circle being ringed. 

A s*^-t of dis{»lacement curves for angular lag and open rods would 
be generally similar in character to those of Fig. 90, but the full curves 
would be doiteil and the dotted curves full. 

91. To draw the TalYe displacement cwrreu of a Stephen- 
ton link motion. The only correct way to obtain the displacement 
curve corre:sp>nding to a given value of u, is to set out the link 
nioti«»n in a >orirs of |M>sitions. 24 Siiy, obtaining thereby a series 
of corR'S|H ►ruling vahu-s of the valve displacement and the crank angle. 
Plot thrs<.' valiios antl draw a curvt- thnaigh the jxunts so obtained. The 
nu'thiHl is most t-asily oxplaincd in the fonn of the following problem. 

Problem, (iiven the dimensions of a link motion, the position of 
the point •►f siispin>ion of the link, and the crank angle, 6: find the 
position of the link. 

(1) Set out the crank at the given angle 0, Fig. 91; measure 
from it the two given angular advances <^i and <^..,, and fix the centres a 
and h of the ends of the eccentric radii. 

i'l) From (/ and h respectively as centres, and with a radius equal 
to the length of the eccentric rod. draw the arcs ^1^2, and E^E^. 
Then the end cmtres of the link must lie respectively on these two 
arcs. Set out W, the centre of the weigh-bar shaft, and the given 
position of the point of suspension C 

(3) From C as centre, with a radius equal to the length of the 
suspension link, draw the arc (\C-.. Then the point of attachment 
of the link to the suspension link must lie on this curve. 



vn] 



Meversing Gears, Link Motions 



163 



Thus, the three centres of the link must lie severally on these 
respective arcs. 




Fig. 91. The Determination op a Link Position by " pitting ' 
A Template to three Arcs. 



(4) Make a template, curved to the radius of the link (this radius 
is usually equal to the common length of the eccentric rods), and mark 
on its edge the three points e, E, and (7, where the eccentric rods and 
the suspension rod are respectively attached. Then " fit " these centres 
to the three curves as shown in the figure, thus fixing the position of 
the centre line of the link. The point P, where the centre line of the 
link cuts the line of stroke of the valve, fixes the corresponding position 
of the valve. This point may be projected down to the horizontal line 
corresponding to the angle, 0, of the crank, giving one point on the 
displacement curve corresponding to the given centre of suspension. 

(5) Repeat this process for the 24 positions of the crank and then 
sketch in the displacement curve. 

If a value of u is given instead of a position of the centre U, place 
the crank at degrees and find the position U must occupy so that the 
centre of the link stands at the given distance u from the line of stroke 
of the valve. 

Fig. 92 shows the link in 12 positions, and the corresponding 
displacement curve for the Great Eiistem Riiilway motion already 
considered, when i* = 0. 

Repeat this construction for different values of w, or U, getting in 

V 
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this way a complete fiunily of valve diBpIaoement curves Then add tti | 
vertical axis TT so that a stated condition of valve aetting is i 
as for instance, that the leads shall be equal in foil fonrud gear. 







T^c .v\\r.:r'o .*in:\ s .v.%va>.: •.:::• i+ i^e-rs. >:arixis: fii« from the 
or.o or' :hc :« r>^.vr',: Awr.trtc. ;e:«-: rbxii :r.i:i rh- -cufi of th* hsckmid 



I] 



Reversing Gears. Link Motiotis 



165 



cessarily coincide as they appear to do in the figure. The points 1 
d 8, for instance, are not coincident, but are very nearly so in the 
)e taken. 

92. The ■uppretsion of the eccentric rods. The valve dis- 
icement is small compared with the size of the parts forming the 
ir. If the gear is set out to scale, therefore, the displacement to be 
asured off becomes too small to obtain a valve diagram boxa which 
J distribution can be inferred with much accuracy. Consequently, it 
,y be taken as a cardinal rule that the gear should be set out full size 
that the valve displacement curves may be obtained full size. The 
ting out of a link motion, full size, in 24 positions for each value of u 
ten, is tedious and troublesome. The labour may be considerably 
htened by using a template to draw the curves «i, «„ and JSi, J5,, in 
lich the ends of the eccentric rods are located. Referring to Fig. 93, 




Fig. 93. Use of a Template to draw the Locus of the end 
OF AN Eccentric Rod for a given Crank Angle. 

will be seen that if a template curved to the radius of the eccentric 
Ki (the template already made for the centre line of the link will 
sually do for this purpose providing its edges are finished true with 
le curve in the way explained in Article 35 and shown in Fig. 28) be 
laced as shown, it will fit the path eiC^, and its radial line QR will 
e parallel to the line of stroke of the valve, or what is the same thing, 
8 long edge CD will be at right angles to the line of stroke of the 
stive. If the eccentric circle is brought towards the link a distance 
jual to the length of the eccentric rod, the point a will coincide with 
le point Q. Hence, in setting out the construction, Fig. 91, draw the 
sntre of the crank shaft nearer the weigh-bar shaft by a distance equal 
) the common length of the eccentric rods, and set out the cur 
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paths ei^, and E^E^ by means of the template, placing the point Q 
successively at a and 6, and working with the edge CD against the edge 
of a T-square, in the way illustrated in Fig. 28. 

If the gear is to be set out in 24 positions of the crank, there will be 
24 points corresponding to a and 24 corresponding to b. It is advis- 
able to first draw all the curves passing through the 24 positions of a 
in red, and the curves passing through the 24 positions of 6 in blue, 
clearly numbering each curve with the number of the corresponding 
crank position. Then the link template may be fitted in succession 
to the several pairs of paths and to the curve (7, (7a and its 24 positions 
drawn in. The several intersections of the link with the line of stroke 
of the valve then fix 24 positions of P from which the displacement 
curve can easily be drawn. 

It is also advisable to draw the set of link positions for a given 
value of u on a sheet of tracing paper, taking a fresh sheet for each 
value of u, 

93. Slip. The axis of the motion block M, Fig. 76, is guided 
in a straight line by the intermediate spindle /. 

Any point in the centre line of the link is compelled to move 
in a path determined jointly by the oscillation of the link about its 
axis of suspension, due to the action of the eccentric rods, and to the 
swinging of the link as a whole about the fixed axis of suspen- 
sion U, 

Thus, when the axis of the motion block is brought to coincide with 
a definite point on the centre line of the link by the turning of the 
weigh-bar shaft into a definite position, the coincidence is only moment- 
ary, since each point moves away from the position of coincidence 
along a different path as the crank rotates. Hence there must be 
slight relative sliding between the block and the link in order that the 
axis and the point may each be able to describe their respective paths. 
This relative sliding is called " slip." It will be remembered that the 
quantity u was defined in Article 86 to be the distance of the axis 
of the motion block from the centre of the link when the crank was in 
the zero position. Owing to the " slip," u changes continuously in 
value during the rotation of the shaft, returning to its stated value 
each time the crank passes through its zero position. 

The distance from a curve showing the actual path of a point on 
the centre line of the link corresponding to a stated value of u, measured 
along the link, to the corresponding point on the path of the centre of 
the motion block, is the slip for that particular link position. Various 
methods of suspending the link and constraining the motion of the 
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intermediate spindle or link have been used from time to time with the 
object of reducing the slip to a minimum. Good general results for all 
positions of the gear are obtained by guiding the intermediate spindle 
in a straight line and by swinging the link from its centre as shown in 
Pig. 76. Better results for one or two particular positions of the gear 
can be obtained by var3mig the method of suspension and constraint. 
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Fig. 94. Link Motion, Fig. 76. Paths of Points on the centre 
LINE OF the Link specified by the given values of u, 

A series of link point paths for the Great Eastern Railway motion 
abeady considered is shown in Fig. 94, the values of u to which they 
correspond being written against them. Consider the curve for which 
tt = 4J". The horizontal straight line A A represents the path of the 
axis of the motion block. At the point 0, the axis is 4^" from the centre 
of the link, and the crank is in the zero position. The other figured 
points on the curve mark the successive positions occupied by the point 
on the centre line of the link, 4 J" from the centre, as the crank passes 
through the corresponding positions. The distance from any one of 
these points to the corresponding position of the axis of the motion 
block, measured along the link, is the instantaneous value of the slip. 

The point path for mid-gear is an arc of the circle described by the 
centre of the end of the suspension link. 



168 



Fafeet and Vtdve Gmr 



Fig. 95 shows the poiiit paths ootrespoiidiiig with the ' 
of « indioeted, mod at the same tune the 
ends of the link, to a small scale. 
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Flf. 9S. Link Motion, Fig. 76. Lm Pom Pjm 

94. Apparatus fbr drawing- Tahre displaoMiiMit 
mechanically. The lalH>ur involved in drawing out a set of dis- 
plaroiiiont riirvos is oDUsidorablo. Many drawing offices are provided 
with a skolotoii link motion, the different parts of which are adjastshle, 
so that it may Ih' arranged X<^ represent any link motion in oonne 
of design. Part« repn^senting the connecting rod and pistcm are 
combined with the valve gear, so that when the crank is placed at 
any angle the corn\sjH)nding position of the piston and the valve may 
1)0 obst^rvinl. and thus all the peculiarities of the distribution efiected 
by the gt»ar may W studied. In some cases apparatus is added by 
means of which displacement curves may be drawn, usually in the fbnn 
shown in Fig. 89. 

Fig. i>G rei)resent8 an apimmtus of a simpler kind than that usually 
employed for the puq>ose of investigating the properties of a link motion, 
which wiis designed by the author for the Mechanical Engineering 
DejMirtment of the City and Guilds of London Technical College, 
Finsbiiry. The eccentricities, angular advances, lengths of the eccentric 
rods, position of the weigh-bar shaft, and the length of the arm of the 
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ipfi tht£ wtditiooa of a oommaa rcriicftl ajLis and thu^ ! p 
be dfawiDg inta a Talve diagram from irhich all the 
if lh« disitntmUoci can lie fcHiixt* 

Klmata Tatve dltpUccment ctirres. Equivalent 

)r a giTPii value c^ m, tJie actual movement of the Wfit 

M Qhl aie as it would be If th^ valve spndle wero coiineeU^t 

7 Ui a loD^ eGfientric rod drivea bv a alieave oo tlic cnmk 

pft, haviti^ a oeftain eeeentric radius p and being ael al a certain 

tar ad ^ V^. ^ ^jd ^ being fcmnd by tbe fbUowing mle, due 
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Macparlane Orbit's cos 
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KJcmoif FOR THE Equivalent 



Let Od, Ofc represent the centre lines of the two sheavi^a driving tli* 
link motion, 0i and <^s being the angular advances. Draw an arc of a 
circle through the points a and 6, using the radius, M, found irom 
the formula 

8X1 



i2 = - 



2k ' 



where 8 is the distance between the points a and 6, Z is the common 
length of the eccentric rods, and k is the length of the link eE. 

Take a point p in the arc ab so that it divides the arc in the same 
proportion that the axis of the motion block divides the distance 
between the end centres of the link. That is, 

ap:pb=^eP: PE, 

Then Op is the radius, p, of the " equivalent " eccentric, and ^ is 
its angular advance. From these data the corresponding displacement 
curve may be set out. It is of course a cosine curve, having the value 
pq when the crank is in the zero position. 

The dotted curve, Fig. 98, is the approximate displacement curve 
found by this method for the value of w, + 4^", the data being those of 
the Great Eastern Railway motion. It is shown full size. 




Link Motion, Fig. 76. Comparison op the actual Displace- 
T Curve, shown pull, with the approximate Displacement Curve, 

¥N dotted, corresponding WITH THE ** EQUIVALENT EcCENTRIC " 
7D BY MaCFARLANE GrEY's CONSTRUCTION, FOR U = i^", 
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The radius used for drawing the arc is in this case 8*47". The 
corresponding equivalent eccentric is defined by 

p = l-8e", + =r 124J degrees. 
The fall line shows the actnal displacement carve and is of coarse the 
same as the corresponding carve of Y\g, 86. A comparison of these 
carves shows that at the beginning of the strokes, when the crank angle 
is either or 180 degrees there is almost coincidence. The greatest 
error occars in the maximam openings. K the piston displacement 
carve be added it will be foand that the cat off given by the dotted 
curve is within 3 per cent, of the actaal cat off, whilst the release, 
compression and admission events are within less than 1 percent 

96. Oeneral theory of the link motion. Simplified fbrm of 
gear and its equivalent eccentric. The theory of the link motion 
and its derivatives, the Grooch and Allan gears, will be more easily under- 
stood if the simpler form of gear shown in Fig. 99 is studied first. This 
form, though not practicable, yet retains the fundamental principles of 
the actual arrangement and allows these principles to be developed 
without mathematical complication. 



Fig. 99. Simplified form of Link Motion. 

In the figure the link is represented by the straight line £e, the 
eccentrics by the cranks OA, QB, now rotating about separate axes, 
and Q. The valve is connected to the link Ee at the point P, and it is 
presumed that the valve and rod can be moved bodily up or down 
so that P can be placed in any assigned position on Ee, Finally, the 
respective ends of the link are assumed to move along the straight 
parallel lines eOy EQ, and the eccentric rods are supposed to be so long 
that the respective motions of e and E are not sensibly different from 
the horizontal projections of the circular motions of A and B. 

Eiach crank is supposed to revolve with equal angular velocity, from 
which assumption it follows that the angle between the cranks will 
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s^main constant. Let k be this constant angle, and let a be the angle 
etween the crank OA and the centre line. The movement of the 
oint P is compounded of the movement of the points e and E. This 
i^ovement may be analysed into its separate components by examining 
he motion P receives from the crank OA, assuming the crank QB to 
«e at rest ; and then the motion it receives from QBy assuming OA 
o be at rest. The points Eq and e^ indicate the respective central 
lodtions of the ends of the eccentric rods. 

First, assume the point J? to be at rest in its central position E^. 
Clien when the eccentric OA, whose radius is rj, is turned so that it 
oakes the angle a with the centre line, the distance, e^ey of the point e 
rom its central position is 

ri cos a, 

nd since the link is turning about the point Eq, the corresponding 
istance of P from its central position is, assuming the angular motion 
f the link Ee to he small, 

PE 

-g^xriCOsa = Z,,say. 

Lgain, assume the point e to be fixed in its newly acquired position, «, 
whilst the eccentric QB, whose radius is rj, is turned so that it assumes 
s proper position relative to OA. Then the distance, EqE, of the 
oint E from its central position is 

Tj cos (a — k\ 

nd P moves from the position into which it was brought by the 
liming of OA by the amount 

Pe / X TT 

^ X r,, cos (a - /c) = Xj, say. 

Tie total movement of P from its central position when the eccentrics 
ave the configuration shown in the figure is therefore 

xr V PE Pe / V 

Xi + A a = -p- n cos a -f ^ rj cos (a — k), 

'rom this expression the distance of P from its central position can be 
alculated for any value of the angle a when the position of P is 
ssigned in the link and n, rj, and k, the angle between the eccentrics, 
re known. The graphical interpretation of this expression readily 
xhibits the characteristics of the motion of P. 

From any point 0, Fig. 100, draw OA, OB parallel to the respective 
ccentrics in Fig. 99, and make OA = 7\ and OB = r^, 

PE 

On OA take Oa == to -rr- x Vi. Then Oxi is equal to X,. 
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Caitiplet4* the pumlklogmin OaCh, and dmw the duigoiial OC. TlMftl 
Ihe dtsiimetf dC = Uje dbtance Oar,, aod therefore^ O^* 'is equ&l ti>' 
X, 4* J,. But 0% is the projectaan of the Ime OC. Thei^om ite 
dispLievttu-Dt ot P finc^m ita eentfal position m represented by tk 
pix^cction af the diigoEiai (MX Naw since the cranks revolve m ^ 
tlie apgltt « reutttiii oonstfuit in value » the angle AOB will remaoo 
ooostwil whmtevw lio tlie valae of a, Al^o* si nix* during thc^ revotntioQ 
of the crankii the po«&t P divides the link £e ib a constant ratio, tb« 
napectiTQ dbtenectf C^, 06, mmaic constant. Therefore the dijigoml 
remaina constaiil. Hence, as the eccenitioi revolve, the paimlkkignm 
OiiC% revi:iive« about without cbanging ita shape, or its HQguItf 
poajlioo rukUvely t<> the Unea OA and OB. Hence, since the p^>jee> 
tion of thi^ diogoEi*] dways gives the distance of the point P Irom m 
eentrnt pgfiilton, 0€, it is the *' equivalent eccentric'* for the mQ\m 
of the point P. 

X 
A \ 
/ \ 



OQ, 



Fig. 100. Equivalent Eccehtric corrbspoitoino with the 
Simplified Gear, Fio. 99. 

Again, the point a divides the line OA in the same proportion that 
the point P divides the link Ee. Also b divides the line BO in the 
same proportion that P divides the link Ee. Therefore 

Aa:aC^Cb:bB, 
and the angles AaC and ChB are equal. Therefore the triangles AaC 
and CbB are similar. Since, therefore, aC is parallel to 6JB, AC is 
parallel to C5, but C being a common point, the lines AC and CB are 
in the same straight line, and this line is divided by the point C in the 
same ratio that a divides OA, that is in the same ratio that P divides 
the link Ee. Hence to find the equivalent eccentric for a given 
position of P : — 

Set out the two eccentrics from a common point 0, making the 
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constant angle k with each other. Join the ends with a straight 
line and take the point C so that it divides AB in the same ratio 
that the assigned position of P divides the link Ee, Join OC, 
Then OC is the equivalent eccentric for the motion of P. 

The equivalent eccentric is shown dotted in Fig. 99. It will now be 
understood that, if the equivalent eccentric be made a real eccentric, 
ftod if the point P is connected to it by a real eccentric rod, and both 
the actual eccentrics and the link be taken away, P, being constrained 
to move in a straight line, will receive the same motion from the single 
eccentric that it actually received from the combined action of the two 
actual eccentrics and the link. 

The link in Fig. 99 will receive the same motion if it is driven by 
the equivalent eccentric and either of the actual eccentrics, the other 
being suppressed. 

For instance, suppose OA to be connected to the link as before, the 
dotted equivalent eccentric gear to be made into a real gear and the 
eccentric QB and its gear to be suppressed altogether. Every point in 
the link will move in exactly the same way as it did under the joint 
action of the cranks OA and QB. 

Examining the motion of the point Ey it will be found that it may 
be considered due to an imaginary eccentric QB found by joining the 
points A and C and taking B so that 

AC:CB^eP:PE. 

97. Approximate theory of the Stephenson link motion. 
Equivalent eccentric. Passing from the simplified form, Fig. 99, to 
the actual form, Fig. 101, the main differences in the conditions of 
motion of the link are : — 

(1) The point P is compelled to move in an exact, or in some 
cases an approximately horizontal line, so that when its position 
is changed relatively to the link, the link itself must be raised 
or lowered. 

(2) The point e moves nearly in a line, passing through the central 
position ^0 and the centre of the axle ; and E moves nearly in 
a line, passing through its central position E^ and the centre 
of the axle. 

Now, the motion of P can only be approximately represented by an 
equivalent eccentric, because although for any one configuration of the 
gear it is theoretically possible to construct the parallelogram OaCb of 
Fig. 100 and obtain the diagonal 0(7, the combined effect of the changes 
in the configuration of the gear, requires, that the para 
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slightly changed in shape for each change of the value of a, if 
projection of its diagonal is to accurately represent the motion of PJ 
Thus, during the rotation of the cranks the shape of the parallelograml 
is continuously varying about some one mean shape. The length of i 
the equivalent eccentric is therefore continuously changing slightly] 
both in length and in its angular position relatively to the real! 
eccentrics for a given value of u. 

R 




E 
Pig. 101. Centre Line Diagram of Stephenson Link Motion. 

Since the link motion is to be used as an expansion gear, a necessary 
condition which must be fulfilled is, that the raising or lowering of the 
link shall not seriously interfere with the lead of the valve for all the 
possible positions of P in the link. The geometrical problem may be 
stated as follows: — 

Place the crank at the zero position and find the form of link 
so that it may be moved from one extreme position to the other, 
by the weigh -bar shaft, without moving the point P. 
This problem presents no difficulty theoretically, because it is easy 
to find the shape to which the link must be curved to fulfil the given 
condition, by drawing the several configurations of the gear corre- 
sponding to a series of positions of the point of suspension f7, whilst the 
crank is kept at zero. Practically, however, the problem cannot be 
solved for the Stephenson link motion, because the theoretical shape of 
the link must necessarily be of varying curvature, whilst in practice 
the link must be made of constant curvature to enable a motion block 
having surface contact with the link to be used in the slot. Hence, the 
link must be curved to the arc of a circle. The usual practice is to 
make the radius of the link equal to the common length of the 
eccentric rods. 
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The motion of the point P may now be examined in order to fix the 
livalent eccentric corresponding to a given position of P in the slot, 
ti is corresponding to a given value of u. 

It is assumed in the investigation that: — 

(1) The point e moves with simple harmonic motion in the straight 
path CoO ; and E with simple harmonic motion in the straight 
path E\0, 

(2) The inclinations, /3 and 7, of the two paths to the line of 
stroke of the valve are so small that, I being the common 
length of the eccentric rods, the sines of the angles are given 
respectively by 



that is by 



Pe , PE 



and 



where c represents half the length of the link ; and that the 
cosines of the angles are so nearly unity that cos fi = cos 7=1 
may be written without introducing sensible error. 

(3) The value of u remains constant during rotation of the crank. 

le method followed is the same in principle as that used for the 
uplified form, only now the displacement of P is to be expressed 

terms of the main crank angle, the eccentric cranks being fixed 
latively to the mam crank by their respective angular advances. 

Let the gear have the configuration shown in Fig. 101. U is fixed, 
id u is assumed to have a constant value. The only variable angle 

0. 

The angles made by the eccentrics Oa, Ob, with their respective 
les of stroke, are aOq and 60p. Expressing these in terms of 0, the 
igular advances, and the inclinations of the lines eO and EO, 

qOa = (^ + ^1 + ^) measured counterclockwise fi:om Oq, 

pOb = 360 — (74-^ — ^) measured counterclockwise fit)m Op, 

le displacement of e fi:om its central position in its line of stroke is, r, 
jing equal to Oa, 

n cos {0-\-<f>i'\- fil 
id since cos fi is taken equal to unity this also represents the displace- 
ent in the direction parallel to the direction of motion of P. 
The corresponding displacement of P relative to the point E is 

^-^xr,cos(^ + </h + ^). 
D. V. 12 
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Aguii, the diipheement of £ fivm hi eenind poHtioB ii^ rt I 
to 06. 

r,oo8(7 + 4fc-^ 

and siiice oob 7 is taken equal to miitj. tliis ako ig pea mt i tl 
ment panllel to the direction of motion of P. 

The conespondiiig diqpboement of P relative to the point • 11 

-^xr.ooB(7 + 4k-^ 

Henoe the displaoement, <, of P, from its central poaitio n . gif«i byi 
aam of theee aepamte displaoements, is 

x-r,^oo8{tf+(^+/9)}+r.^co.{(7 + «-^ ...(1> 



The displaoeinent or can be calculated from this expro ssion fiir of 
assigned value of u and B. 

Expanding this expression, dropinng the snlBBxea finr r and ^ ana 
these quantities are usually made respectively equal, and writing da 
terms as fiictora of sin and cos 0, (1) beccMnea 

« = rco8tf |^008(^+/8)+ ^C08 (7+*)l 

+ r8iiitf |^8in(y + *)-^«n(*+«} (2> 

Expanding the cosines and sines in the brackets and writing 

cos fi = cos 7 « unity, 

« = rco8^ co8<^-sin ^^-f-^— sm/3+ -5— sm7^ 

4-rsin^ cos<^-^^sin7--^ sin/3[--sin^ (3). 

Substituting the value —j- for sin /S and the value —r^ ^^^ ^'^ 
this expression further reduces to 

.r=rc^>stf cos<^- '" sin<^^ - rsin tf |- sin ^[ (4)*. 

This is the simplest form to which it can be reduced. 

* If co8(90 + d)= -sin 3. and sin (90 + 3)= cos 5 are respectivelj introdaoed into tfaif 
equation in place of cos p and sin 0. it rednces to 

- r cos tf sin 5 -* — : — cos h - r sin <» J- oos hi . 
L a J \c \ 

Changing the signs all through, this i^ t>* ^ Hi^ equation was origiiiill} 

given by Zeuner. 
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The coefficients of cos^ and sin in expression (4) are constants for 
M particular value of u, neglecting the small variations of u discussed in 
.jirticle 93. Hence the displacement of the valve from its central 
^position may be written 

x^A cos^ — jBcos^ (5), 

irhere A and B are constants, having the values 

il=r-!cos^ J— sin^V (6), 

5 = r|^8in^| (7). 

No restriction was put upon the magnitude of the angle ^ in the 
preceding investigation, so that the expressions are true for all values 
of ^ between and 360 degrees. The expressions apply therefore to 
all arrangements of the link motion, whether with crossed or open rods, 
providing always that the angle 4> is measured in the positive direction 
finom the crank to the eccentric radius which is coupled to the top of 
the link. The following Table shows the quadrant in which the 
eccentric radius falls for several cases. 

TABLE 8. 



falls between 



Open rods. Outside Steam Admission. Figs. 
82 and 86. 

Crossed rods. Inside Admission. Figs. 83 
and 90. 

Open rods with a rocking shaft. Inside Ad- 
mission. Fig. 84. 

Crossed rods with a rocking shaft. Outside 
Admission. Fig. 85. 

Crossed rods. Outside Admission. Fig. 89. 



90 and 180 degrees 
270 „ 360 „ 

90 „ 180 
270 „ 360 „ 
180 „ 270 



To illustrate the general character of the expressions (5), (6), (7), 
take the data corresponding to Fig. 86, and calculate the values of A 
and B for full forward gear, where u = 4^"; also I = 50", c = 8*25", and 
r= 2-875". 

In this case, ^ = 104J degrees, and therefore 

cos <^ = - 0-25, and sin 4> = 0968. 
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Substituting these values in equations (6) and (7) it will be found that 

il = - 1042, 

5= 1-517. 

Hence expression (5), for the displacement, becomes 

a? = - 1042 cos ^ - 1-517 sin 0. 

Again, consider the same gear when arranged for Inside Steam 
Admission with crossed rods, as shown in Fig. 90. 
The angle ^ is now 284^ degrees, and therefore 

cos <f> = 0-25, and sin <^ = - 0-968. 
Therefore A = 1-042, 

5 = - 1-517, 
and these, introduced in expression (5), give for the displacement 
a; = 1042 cos ^ + 1517 sin 0. 

Finally, suppose the gear arranged with crossed rods but Outside Steam 
Admission, as shown in Fig. 89. 

The eccentric coupled to the top of the link is now the one which 
determines negative rotation. Nevertheless, the angle ^ is to be 
measured fix)m the crank to it, giving ^ = 255^ degrees. Therefore 

cos <^ = - 0-25, sin <^ = - 0968, 

and 4 = - 0-395. 

5 = - 1-517. 

The expression for the displacement therefore becomes 

a? = - 0-4 cos ^ + 1-517 sin 0. 

Comparing equations (5) and (7) with equations (6) to (8), Article 
72, it will be seen that the quantities A and B may be looked upon as 
the rectangular projections of a crank of radius p and angular advance 
Vr. That is 

^ =pcos'^ (8), 

fi^psin-^ (9), 

tanVr = | (10). 

The quantities p and >/r define the "equivalent eccentric" for the 
particular value of ?/ tiiken. The series of equivalent eccentrics 
corresponding to a series of values of m, may be used to examine the 
distribution of steam effected by a given link motion, the results being 
of course approximate only. The calculation of a series of values of A 
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and B for this purpose may be avoided by using an equivalent geometrical 
method. 

When u = c, A, eq. (6) page 179, becomes equal to rcos^ and B, 
eq. (7), becomes equal to r sin <f>. The equivalent eccentric then coin- 
cides with the actual eccentric which is coupled to the top of the link. 
When u = — Cy the equivalent eccentric coincides with the actual eccen- 
tric which is coupled to the bottom of the link. When u=0, 



A 



= r jcos^ — ysin^ L 



5 = 0, 
tan ^ = — = 0. 

Therefore -^ = or 180 degrees, according to the arrangement of the 
gear. 

Let the gear be arranged with open rods and for outside steam ad- 
mission as illustrated in Figs. 82 and 86. Then ^ falls between 90 and 
180 degrees, and A will be negative, consequently when w = 0, -^ = 180 
degrees. Starting from u == and calculating the values of p and y^ for a 




Fig. 102. Equivalent Eccentric. Open Rods. Outside Admission. 

series of positive and negative values of w, it will be found that the radius 

of the equivalent eccentric increases in length from r ■ cos ^ — v sin ^ I 

when ti = 0, to r when w = ± c : the angular advance decreasing mean 
while firom 180 degrees when u = to ±<^ when ti = ±c. 
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If these equivalent eooentrios be plotted their eoda will be fimdlil 
lie on a parabolic curve inatead of on a atimight line as in the caae of Ail 
simplified form of gear examined fint This is easily pioved as fiiDo 

Let the curve apb. Fig. 102, represent the loona of the end of Ai 
equivalent eccentric Take any point p on the corva Take a vertkd 
line through Oi for the axis of 7, and let the coordinates of the post 
be w and y. Then w is equal to the diffismioe between the values of i 
when tf ■> 0, and when u has the value Hi 0(»TeqNxnding to the particolir 
equivalent eccentric Op/ That is 

nil* . . 
tf^—j-sm^ 

The ordinate y is given by the value of B corresponding to the valoa 
tti : that is 

y- — amf 

EUiminating lii fix)m these two equations, • 

y*mmxx —mni^^wXA constant. 
c 

Therefore the curve is a parabola, whose vertex is at Oi. 

The parabola through the point Oi and the ends a and 6 of iho 
eccentric radii would not differ sensibly from the arc of a circle in any ' 
practical case. The radius of this circle may be found by means of 
the Theorem, that the products of the segments of any two chords in 
a circle are equal. Applied to this particular case it gives. Fig. 102, 

0,dxdQ = (da)\ 



The distance Ojd is the difference between the values of A when tt = 

re 
T 



and when u = c, that is -,- sin ^. The distance da is the value of B 



when u = c, that is r sin <^. 

The radius of the large circle being represented by R, the distance 
dQ is strictly equal to {2R — Oid), but for the present purpose may be 
taken ecjual to 2R simply, since Ojd is always small compsu^ with dQ, 

Substituting these values in the above equation and solving for R, 

jy Ir sin 6 

Multiplying numerator and denominator by 2, this becomes 
P_2rsin0xi _8 xl 
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bich is (see Article 95, page 170) Mr Macfarlane Qrey's rule so far as 
le radius is concerned. 

The actual position in the arc of the end of the equivalent eccentric 
rresponding to a given value of u, is given by calculating the value 

B, or what amounts to practically the same thing, taking the point p 

that the arc is divided proportionally with the link. 




^g. 103. Equivalent Eccentric. Crossed Rod& Outside Admission. 

I the case of crossed rods with outside steam admission, as arranged 
Fig. 89, the locus of the end of the equivalent eccentric is a parabola 
it it is convex towards the centre of the shaft as shown in Fig. 103. 
lie circular arc is to be drawn with the same radius as before, but 
•nvex towards the crank shaft as in the case of the parabola it replaces. 

98. The design of a link motion. The different steps in the 
urse of a design may be arranged in the following order : — 

(1) Make a preliminary drawing of the gear, adapting the general 
dimensions to the space available. This drawing settles the 
length of the link 2c, the length of the eccentric rod Z, and 
the maximum value of u. Keep the eccentric rods as long 
as possible and the ratio of the length of the rods to the length 
of the link reasonably large. 

(2) Neglect the effect of the obliquity of the connecting rod and 
(assuming proper values for the cut off, lead, and maximum 
opening for steam in full gear) find the equivalent eccentric 
p, yjr, and the steam lap either 

(a) geometrically, by the Bilgram diagram, as in Fig. 50, 

page 77, or 

(b) analytically, as in Article 75, page 124. 

(3) From the preceding Article, equations (6) to (9), 

/ocos>|r = 4 =?• f coa0 . - sin 0J (1), 

psinV^ = S = r^^ 8in<^) (2), 
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a pair of simultaneous equations in r, the eccentriditjr, and ^ the i 

advance of the eccentric to be coupled to the top of the Iii^ 

d* — ii* 
Calculate the value of — j— , using the maxinium value of v, ■!] 

denote it by p. 

Calculate the value of -, using the same value of «, and doMli; 

c 

it by q. 

Using these values in (1) and (2) and dividing (1) by (S) ii 
eliminate r, 

cot^aycot^+p Jtf^ 

from which ^ can be calculated. 

Then r can be found from equation (2). 

If the actual eccentrics are made with the eccentricity r and Ht 
with respective angular advances +^ and — ^ the gear will gm 
approximately the distribution specified in frill gear. The distnimftioB 
for values of u other than the maximum, and the actual distributiaii ill 
frill gear, must be found frt)m a drawing of the actual displacement corfei 



Example. Design a link motion so that cut off in frill gear 
at 70 per cent, of the stroke, the lead and maximum port opening being 
respectively 0*1 inch and 1 inch. Following the above instracfcions:^ 

(1) Assume the motion to be of the general character shown 

in Fig. 76. The motion block cannot be brought exactly 
opposite the end of the eccentric rod in frill gear, so that the 
maximum value of u will be less than c. Let this maximum 
value be 5 inches, and let the length of the link be 16 inches, 
so that c = 8 inches, and let the length of the eccentric rod, I, 
be 48 inches. 

(2) It will be found that with the data given 

Vr = 124" 50', 
/3 = 2'05 inches. 
Steam lap = 1*05 inches. 

Crank angle at cut off = 113° 35', neglecting the obliquity of 
the connecting rod. 

(3) Calculating the values of p and g, 

p = 0101, J = 0-625. 
Using these values in equation (3), 
cot <^ = - 0-333, 

from which 

<^=108' 27'. 
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With this value of <^ in equation (2), r — 2*84 inches, Henee 
the eccentricity of the iictual eccentrics niiist be 2"84 inches, 
and they mtist be set on the ahaft at the respective angular 
advances, 108° 27' and -108' 27'. 

99. The desig^ti of a link motion, continued. The weigh* 
ar shaft* Having obtained the geneml diineiisiuiis of the gear, the 
&Dtre uf the weigh-bar shaft, and the length of its ami, nuty be chosen 
Ithin certain limitations so that the inequalities of cut off due to the 
bliquities of the connecting and eccentric rods may be diminished, 
nd in particular cases may be quite corrected. 

The way to do this is to find geometrically a number of positions of 
le point of suspension U, each position of U being fixed so that the 
tnal! vertical movement which the suspending rotls, vibmting about it 
B centre, give the link, combines with the horizontal movement the 
nk receives from the eccentrics, to bring the valve to the left of 
i8 mid position, by a distance equal to the steam lap, at the instant 
le ptBton is at a given percentage of its stroke in the instroke cycle ; 
nd to the right of its mid position, by a distance equal to the steam 
ip, at the instant the piston is at the same j^erceutage of the stroke in 
me outstroke cycle. 

When a number of points have been found for equalising the cut off 
it a series of jK'rcentages of the stroke, the weigh-bar shaft may bo 
esigned so that the arc described by the end of its arm passes through 
(ne or two of them, or has a suitable mean position with reference to 
he whole group. Since the locus of U must be made an arc of a circle, 
ny three of the positions of U fix both the length of the arm and its 
ELdtre uniquely, but it seldom happens that the solution found tu this 
ray can be practically used. Working the problem in this way, how- 
fv^er, generally leads pretty quickly to the most appropriate compromise 
the dimensions of the weigh-bar shaft and the position of it^ axis. 

The details of the construction for fixing one position uf U in order 
9 equalise ihe cut off at (lO per cent, of the stroke, positive rotation, 

aa follows, the data being: — 

Suspending rods, 12 inches long Jointed to the link at the centre. 

Connecting i*od:^ti cranks. 
i ==48 inches, 
c =8 inches, 
r = 2'84 inches. 
<^ = — ^ i08i degrees. 

and ^ are the values found in the probleni of the last article. 

1) Dmw a circle of any radius OKi to represent the path of the 
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cnmk pin, Ki. Let #|0« be the line of stroke so that m 

stroke of the piston. Take the point Ci so that ac^ »-/^ of «%, and Ai 

point Ct so that SiCt^-^ of 9i$, 

Find the oonesponding crank pin positions Kx^ ITt, and from tka 
set out the centres of the eccentrics, Oi, 61 fiom iTi, and Oi,!^ Iha 
if,, the angles Kx(Mh, K^Oa^, K^Oa^ and K^Oi^ bdng eadi eqplti 
108^ degrees. 

^^■." — - — ^ 




Pig. 104. The setting of the Weigh-Bar Shaft. 



(2) Draw the link in the niid-gear position when the ciank i 
ros]>octively at and 1H() dogrcts. The ]ix>ints at which the lin 
cut* the lino of stri)kf are niarkt-d y .on the diagnun. Fig. lO- 

Bisect the distance J/o3/i^ '^^ fticsl through F repn 



sents the common axis o^ 



•ves. Set out FA, tb 
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t lap for the insta^ke cycle, YL^, the steam lap for the outstroke 

If With radius equal to the length of the eccentric rods, and 
m Oi, bi and a^, tj, respectively^ dmw the infinite arcs which 
ihown on the dmwing passing through the respective points 
i^e^, E^. Then at the instant of cut off in the instroke cycle, 
entre Une of the link must pass through the point i,, and the ends 
le link must lie on the respective curves e, and E^, The link 
own in the figure fitted to its proper position. Similarly for cut 
1 the outstroke cycle, the centre line of the link must be fitted 
e position e^L^Et- 

■he line joining the respective positions of the point of the link 
hich it is jointed to the suspension rods may be regarded as 
base of an isosceles trianglei the equal sides of which are the 
ictive positions of the suspending rods whose lengths are assumed 
13, The point of suspension U is therefore fixed by the apex 
e triangle* 

a the present case the link being jointed with the suspension rods 
e centre, the short line indicated by Q^o i^ the base of the isosceles 
gle, and U^ h the corresponding position of the centre of suspension, 
►ther pi>sition8 of U are found in a similar maimer. In the diagmm 
positions of U are shown, namely those equalising cut off at 
60 |jer cent, for jiositive rotation and indicated by U^, 

P 90 „ negative rotation ,, ,, ,, tf_^, 

position 6^ must occupy at mid-gear is shown also and is found 

the base il/„i/,pj. 

Tie bases of the triangles, of which these points are the apexes, 
h0wn by full lines and ai^ indicated by Q^, etc* It is obviously 
p[ble to fix the weigh-bar shaft si> that the end may be turned 
fistvelj into all these positiona The best that can be done is 
range the centre so that the end of the arm describes a circular 

passing through f/^, and as near as may be to the other 
ions. 

tthe figure the five positions of U which are surrounded by large 
liave been found on the supposition that the link is jointed to the 
msion rods at the lower end E, The dotteil lines E^, etc*, show 
a^s of the triangles from which these points were found. It will 
en that the five circled piositions of U lie more closely to a mean 
\m arc through the mid -gear positioo. 
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This method of ooq^ideriiig the dengn off the 
is due to Mr W. H. Maw, and was paUished in 1871* 

It will be clear firom the fixegoing that^ when the link ii i 
firom the centre, the weigh-bar shaft may be fbud bjthe fiDowiqgi 
Find the point U for mid-gear, and dxaw a line throoi^ it pnU ( 
the line of stroke. Take W the centre off the weigh-har shsft oaf 
line, choosing an arm long «ioagh to a¥0Jd too i 



of All 



100. The Oooeli Unk MeHea, Befaranee baa afaesdf 
made to an essential condition that a link moiian nmst fidffl if i 
is to be used as an expansion gear, namdy, that the d i ai ig im ( 
position of the motion block in the link dionld not aori o ao ly 
fere with the lead. It has also been shown in the esse of All 
Stephenson link motion, that althongh for a given poeitifln of Ai^ 
motion block in the link the lead may be made pncticsDj eqpl 
for both cycles* yet when the position is changed, the lead 
towards mid-gear with open eccmtric rods» and cfacrcascs 
mid-gear when the rods are crossed in the way illnstnted in Fig: I 




Fig. 105. CfiTTSK Line Diaguji or m Goocn Lone Motion. 

1:\ :he iVvvh M:ik :u:::». r. :h^ lT?ad n^miiiifes constant lor all position 
! :h^' !v.-^::.':: b! vk ::: :>.-; *.::ik b?:: :hi5 is noc secured widioat makini 
he c\^r :,:.'!\ xv:v.vl-:x :u> will K: ?tva lir^m ths» centre line sketcl 
^j: lO-\ Tb.^' j\r.:rt:' ;: :b.^ *.-i:k. V *^ -x^mwIItHt to move in an arc of i 
ir.-Iv by the <uvivr::r.^ l.r.k v^ •*>.:•:?. vibrjire? iboc^ the fixed centre i 
rhv vaIv^ r.vi. :>; w ;;:r.:^v: u::h ib.-: -.-jLlvt? ^viadle a? 11 is held by th 
::>iv:xv-v.g: *.:v.k CV T b^::*.^ :h- ^:n:rv .: >u<jvc!>iofL The pceitioi 
:' r* :'.: :b^* b.vk :> Av::r- ll~v. ?} :>.- :-irt::r.^ oc the wei^-bar shaf 
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ts fixed axis W, by the reversing rcMi R. In this gear the 
lement of the \mmt V represents the displacement of the valve, 
c displacement curves may be drawn by the same method as that 
for the Stephenson link motion. In this ca^e, however, in 
to fittijjg the link to the arcs through the points e, E, and Q, 
]ve nxl must be fitted to the centre line of the link, the arc 
h J with radiuB UJ, and the line of stroke through K The 
ions of the link are however independent of the value of a, and 
use ihey are drawn for say 24 positions of the crank, they will serve 
ter and over again for the various positions of U dealt with. 
Approximate displacement curves may however be obtained by the 
of equivalent eccentrics as in the Stephenson link motion, the in- 
itjgation of their elements following the same course as that for the 
ephenson motion. 
The initial geometrical problem in connection w^ith the gear, in 
et to secure constant lead for all values of u, may be stated m 
Bra:— 

Place the crank at the zero position and find the form of link, 
so that the valve rod may be moved from one extreme position to 
the other without moving the point V, 
|i* obvious Htiiution of this problem is to curve the link to the arc of 
circle w^hikse radius is equal to the length of the valve rod and whose 
fttr© is K Then, w^hether the cnink is at or 180 degrees, the valve 
i may be moved from one extreme portion to the other without 
dving V, providing that the point Z is chosen so that Q lies in 
line of stroke in each of these two positions. 
The investigation for finding the mean equivalent eccentric for 
motion of V, is based upon the following assumptions: — 

(1) The points e and K move with simple harmonic motion in the 
straight lines joining their respective middle positions with the 
centre of the crank shaft. 

(2) The inclinations of these lines to the line of stroke are so 
small that the sines of the angles in each a^se are given 

by -T , and that cos /8 = cos 7 = 1, where c is half the length of 

the link and I is the common length of the eccentric roA^ 
The quantity u remains constant 1 luring a revolution of tho 
crank for a given position of the centre of suspension, U. 
The inclination of the valve rod to the line of stroke is 
so smalt that the horizontal motion of P is the same iis 
the horizontal motion of V, 
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The working out is exacUy the same as in the Stephi 

down to equation (3), Article 97. Here the value ^ is to be i 

for sin fi and for sin 7. Afker this substitutioii the oquatioD at ( 
reduces to 

« = rooe0jooe^ — jsin^j- — rsin0J7Coe^+~8in^y 



Hence in the form 



x^AcosB — BeinO, 



A sBrjooe^— jsin^i-B^ooe^ 



B. 



•j 2-coe^ + — sin^j-ss^Bin'^. 



•m 

M 



!■ 



p being the radius and ^ the angular advance of the equivalent eooentncL 
When the crank is in the zero position the expression for the hod- 

zontal projection of the equivalent eccentric, namely •jcos^— j sin^ 

does not involve ii, therefore it is constant. The ends of the equivalent 
eccentrics therefore lie on a straight line at right angles to the centre 
line, but distant A from the centre of the crank shaft. The vi^ticil 
distance of the end of the equivalent eccentric in this line, correspondisg 
to a given value of u, is found by calculating the value of B. If the 
value of B be calculated for w = + c and w = — c, two points a and b will 
be fixed in the vertiail locus, which define the ends of the equivalent 
eccentric for the extreme positions. Then since B varies as u, the end 
of the equivalent eccentric in the locus, for a given position of P in the 
link, is found by taking p so that it divides ab in the same proportion 
that P divides the link. 

Fig. 106 shows a Gooch motion as it was fitted to the Sinclair 7' 0" 
single wheel passenger engines of the Great Eastern Railway. 




Pig. 106. GoocH Link Motion. 

Although the Gooch link motion was extensively used for loco- 
motives in earlier days on account of its then peculiar possession of 
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Btani lead for all values of u, it has dix>pped out of use in the 
snt day- 

101. The Allan stralirht liak motioii. As its name implies, 
I €hanw:teristic feature of this gear is that the link is straight. At 
lime link motions were introduced the making of a our\^ed link was 
kion? difficult than it is now, and probably this fact determined the 
^denvour to design a motion with a straight link. Fig. 107 shows a 
^tre line sketch of the gear. The fixed axis of the woigh-bar fihaft 
at W. and the angular position of the shaf^ is contmlled by the 
^versing rf>d R. There are two arms forged solid with the weigh-bar 
ihaft, namely, Wtl and WZ» connected respectively with the straight 
\fSkk at e and with the valve n>d at ./. The turning of the weigh-bar 
^afl in the clockwise direction, lowers the link and at the same time 
inujsi'js the valve rod, the latter turning alxiut the joint V, Thus the 
distance of the centre, P, of the motion block from the centre, Q* of the 
link, that is the quantity u, now depends jointly upon the position 
J»he two " points of suspension/* Z and U^ 



^ 




-fit 



Fig. 107. Centre Litte Diagram of the Allah Straigbt Link Motioh, 

The gear ia similar to the Stephenson link motion in the respect 
that the link is raised or lowered when the position of P is altered; 
and it is similar to the Gooch motion in the respect that the valve rod 
is raised or lowered for t he ^ same purfiose. This combination of the 
mechanical peculiarities of both motions makes it possible to use a 
straight link. 

Fig, 108 illustrates the Allan gear fitted to the 6' 6", four-coupled 
jMssenger engines of the London and North Western Railway — ^the 

Kious ** Precedent " class. The success of these engines in connection 
h the express traffic of the railway is too well known to need 
comment As will be seen firom the illustmtion, the ge^r is compact; 
the centre line of the gear is inclined to the line of stroke of the piston 
allowing ample room for the steam ehe^t, which lies, wedge shaped, above 
and between the cylinders ; the ports are formed in the inclined foces 



1 




CH. vn] Reversing Gears. Link Motions 193 

of the steam chest, and the valves work between them. The way of 
tvbe steam to the cylinder is made easy, and the way out is also free 
and unobstructed. 

At the present time there are between 600 and 700 engines on 
the London and North Western Railway fitted with this gear, though 
not all belonging to the 6' 6'' class. The advantage of this gear 
over the Stephenson form of the link motion is that much less room is 
i^equired vertically to accommodate the link in the two extreme 
positions since the vertical motion of the link is so much smaller. 
Also a smaller angular motion of the weigh-bar shaft is required 
to change the link from one extreme position to the other, and no 
balance weights are required on the weigh-bar shaft. I am indebted 
to Mr F. W. Webb for the drawings from which Fig. 108 has been 
prepared. 

102. The Allan motion. On the proportion between the 
^*iiui of the weigh-bar shaft. The initial geometrical problem is 
^ore complex in this gear than in either of the two kinds preceding. 
It may be stated thus: — 

Place the crank in the zero position and find the ratio be- 
tween the lengths of the arms WU and WZ, so that when P is 
moved relatively to the link from one extreme position to the 
other, the point V shall remain at rest. 

An exact solution is impossible, but an approximate solution, which 
iDakes the variation of lead considerably less than the variation in a 
Stephenson link motion, can be readily obtained. 

Consider the gear in its central position, Fig. 109. The central 
point Q, of the link, now coincides with the central point of the motion 
block. Referring to Fig. 107, it will be seen that when the weigh-bar 
shaft is turned in the clockwise direction, the centre of the link moves 
fix)m the position shown in Fig. 109, downwards, to a position Q, shown 
in Fig. 109 a. At the same time the centre of the motion block P, 
moves up into a new position P, Fig. 109 a. The distance PQ is the 
corresponding value of u assuming that the movement has taken place 
when the crank was at the degree dead point, as indicated in Fig. 109. 
The path described by Q during this movement has a varying curvature, 
because the link, as it moves away from the central position, moves 
about two centres, namely, the ends of the eccentric radii. The curva- 
ture of the path of Q may however be considered constant, its radius 
being equal to the common length of the eccentric rods. Thus in 
D. V. 13 




Wig. lOB a, Q ifl afli$umc!H to hm^e niovcNl down in a circuUr path tbi 
e&nin* in A, nnd .4 Q h the length of an eecentric rod Alae dutingi 
matntQitat, the.' link mmains f«enaibly at right angles to the hm iQ. 

With thi^m* AAeiuinptioiiB, the angle PQR, Fig. 109 a, is equd t<> 
ungle QAc, hu that the ^ine of both angl^ is yJAQ^ 

Thv ]>n>blfcm naw is, given a position of Q, to find what positioi 
tnoAt oecupjT in order that the distanct^ A V may remain con^tAnt. 

Let AQ-^t. rp = a, F/=6, the angle e^c = the aagte PgJi 
and the angle PVm^y. 

Then, in the central position » 

AV^a+L 




Fig. 109 a. Allan Grab. Proportion of the Weioh-Bab Shaft . 
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new position 

AV= cos ^ + PQ sin ^ + a cos 7. 
rder that A V may be constant 

a+ Z = /cos^ + PQ sin ^ + a cos 7. 
"essing the cosines in this expression as sines, and using the 
oximate method Vl — g'* = (1 — \q^) for the extraction of the square 
after introducing the values 

sini8 = ^ and 8in7 = ^, 

writing PQ = u = y^'\-y^y since the inclination of PQ is small, the 
ession reduces to 

.^'-('-IV*-?^*!-© <»• 

y2 = wyi, and this reduces to the quadratic 

aM2 + 2an-Z = (2), 

which 



„=(-i^yi+i) 



.(3). 



quantity under the root will always be greater than unity, so that 
e + sign is taken a positive value of n will be obtained as required 
he assumption. 

n the mechanical arrangement of the gear the upward displace- 
t, yi, of the point P is obtained by giving a smaller displacement, y,, 
point J in the valve rod, taken nearer to F, y, being found from yi 
le proportion 

y»= yp^yi W. 

ratio between the lengths of the arms of the weigh-bar shaft 
ven by the ratio between y, and y^, neglecting the effects of the 
uity of the links ZJ and Ue, Fig. 108. That is, 

(5). 





WZ 

wu 


VJ X y. VJ 
~VPxy~ VP 


1 

X - 

n 


nstance in the North Western gear, 








7J-=30i", 








rP=37" = o, 








Q4 = 48" = i. 




.(3) 


n = 








(-l + Vl+|f) = 


0-514, 
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Using this in (5) 

— -1-604 

The actual value measured from the engine is 1'614. 

When the maximum value of u is fixed, the distance, y,, which 
point P must rise or fall from its central position is found by combininj 
the relations 

yi + ya = w, 

From these 

»-Tf» « 

The distance y^ which the centre of the link moves above or below 
its central position is found from 

ya = wyi V 0\ 

both the quantities on the right side now being known. In the case of 
the North Western motion, taking u = 4J'', 

yi = 2-97", 
^2=1-52". 



103. The Allan link motion, continued. Valve displace 1 
ment curves of the London and North Western RailwaT^ 
straight link motion illustrated in Fig. 108. Since the line of 
stroke of the piston is inclined 6 degrees to the line of stroke of 
the valve, the actual angular advance of the positive (forward) eccentric 
sheave must be diminished by this amount, and the actual angular 
advance of the negative (backward) sheave increased by the sam^ 
amount in order to find the angular differences between the crank and 
the sheaves to be used in the drawing of the displacement curves. 

A set of displacement curves for values of w, 

4i" 3" \\" -U" -3" -4^ 

is shown in Fig. 110, together with the piston displacement curve 
and the lap lines, the combination forming the valve diagram f<^ 
the gear. A detailed explanation of the diagram is unnecessai7 
since it is lettered in a similar way to the valve diagram, Fig. 86, oi 
the Qreat Eastern Railway link motion. 
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The most noliPwJJe festare of 
the duignm in eoiii|Mrinn with th 

the kttd is neuljr eontant, othenrin the pnpartin eflfaj 
modi the aune. Thep«aitmedi«niii,f%.Ul,i 
data obtained from the diaphwgmeat cnrvaa on a 
theae cnirea the distnbation in the two cfdea^ 
maTJmnm port openinga both for ati 
anj aiwignrd valoe of il 

It ahoold be deail J ondentood thai, aa in the I 
link motion (aee Artide 88), a ali^t change in the poiilMB of Ihsi 
IT, of the weigh-bar shaft, ali^tljr cfaangea the dmpea of that 
ment curvea, and a ali^tlj di£Eeient aetting of the vnHe plaeei 1 
vertieal axis of Fig. 110 in a different pnaitinn rdaliv^df to the \ 
placement cnnrea so that the peroentagea of the atnike at which tfai 
aevenl events oceu- are abo dianged, with a 
of the carves. Fig. 111. Settings of the gear can be airived at vUj 
give a better Ksnlt in fi)rwanl gear bot onlj at the <«r««^ of gioshrj 
inequalities in back gear. The setting shown in F^. Ill is one wUEk] 
gives about equally good results in fiirwaid and backwatd gear. Thi| 
percentages at which the several events take pbee are alao inflnenodi | 
slightly by changes in the vertical position of the qwing aappoited part I 
of the engine, because whilst the centre of the cnnk axle alwaja atudi 
at the same vertical distance above the rails, the centre of the weigfa- 
bar shaft and in &ct all the rest of the gear moves slightly as the 
engine rises or falls on the springs. 

The respective paths of the centra of the link and the centre 
uf the motion bl«ick are shown in Fig. 112 for the case where ii = -|-4^''. 
The distance between the curves, measured along the link for the 
position marketl 0. is the value of u, for this is the position occupied 
bv the link when ^ = 0. The slip in any position of the link is 
the difference between u and the distance between the curves measured 
along the link. Fig. 113 shows similar curves when a is —44". 

The dniii^'ing of the displacement curves is canied out in the 
following manner: — 

y\ ) St*t out. Fig. 114. the centre line of the valve motion, the 
centre of the crank shaft 0. and the centre of the weigh-bar shaft W. 

^2^ Bring tho centre line of the piston gear into coincidence 
with the centre line «>f the valve gear, the positive and negative 
angular adviUKvs then Iving + 108 degrees and — 108 degrees. 

«3^ Assume th:\t a displacement curve is to be drawn for 
a definite value of a. '^ » tl-* veii^.bar shaft in the angular 
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Flf • 111. Percentage and Port Opening Diagrams correspondiko 
WITH THE Valve Diagram, Fig. 110. 



Valr>e Gtar MeAamitmit [en 

itolfepioniDeora. The 
If Ml Em^ht bvad ^ wtt^ ooi the 
9, dhteiBMl I7 -^*-*^- fi^i eqaaSion (6) and 0\] 

the IjmIm Md 3CaffA Wotaa pwr. «fafe s-f»14. j^ b c<|iM 
to ^9^^ mod fb B e)«^ iB 1^2 wth^ wbes m k eqtml io 4| 

(4) A flndii «f p«iti» bi«« iw m be ftpimd oo fcbe ilkpU^ 
wmm ^KW far M npiifalaiil cnnk pMtJqoii Let £ be tb^ 

See oot tbe cmtifc «£ tb^ angk^ 

^A fa Ife ooM^^^ ^ tbe easds of tbe eooeiitik 

(5) fkmt « «od i napecitvd^ m cmtas and witli & 
14) tbe cKx&nMii ki^gtb of tl^ e eoaitzk rods disw the mo 

fT V Kf&tre villi ndias eqpttl lo the leD|^i of tb^ 
rod Cm dtvv an ur cattn^ tf^, £i tn i:. 
With rHlii2$ e<^ul to llie koglh of the link mtxA from cait]^ 
t ml Urn «xe i^i^ m M. Tbco ef b the podtiiiD of tk 
link vioB the cMik mm^m m A 



(6) Hark dS ih^ oeiiti«9 of the vmlTe rod F/P on a stmigbt 
vigs msA plaoe the itn|» on the diswii^ so Umt when F ties 
on the lias of stroke^ J tie& €ti an aic dtnack from the ceDtre 
/ with mfias J^, andPIisoa the ooiteiHnfi of the link eS. 



This fitting of the T^dve rod k much bdlitated if a thin wooden 
rod of l^igth ZJ is jointed to the straight edge so that die point 
J is constrained to move in its ^profp^ path by pjnuing down the 
end of the link ZJ at the centre Z 

This cQoisUnction detennines the position of the Tal^e for the given 
Talue qS the crank angle 6, Proj^^ this position T^tically on to a 
h<»ri«Mital line corresponding in vertical position to the given an^e 0, 
thereby fixing one point on the displacement carve for ^e value of tf 
taken in section (3). 

Repeat this construction for the 24 positions of the main crank 
and sketch in the displacement curve. 

Assume different values for y, and draw the corresponding displace- 
ment curves in like manner. Finally add the vertical arTJa TT to 
satisfy some stated condition of vahre setting. 
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of MgUjorv Blocks 



Fig. 112. 






-m 



Link Positions op 
THE Allan Gear 
illustrated in 
Fig. 108. 



Locos ofCmire,' 




Fig. 113. 







Fig. 114. Sbtting out an Allan Gear to find the position 
of V cobrssponding with a given value of 0. 




mmjbe 
It is ■Miimiri in the 

(1) TWpanits#ml^] 
lit fines dnwn tluoa^ 
llie emtie of llie cnnk 

(2| The mrthwtinw of the tvo 
of the valve ere m aneD theft the 
given bj 



when I = length of the eooentiic rod, ead theft the 
angles are 90 nearly onitr that 

ooB ^ ^ eos ^ ^ nni^. 

(3) The ^oe ot m remains eonaftant duiii ^ a vewfaitian fara 
given angular position d the weigh-bar shaft. 

(4) The inclination of the valve red to the line of stroke 
is so small that the horiaontal motion of P is the same as the 
IhNriBontal motion of F. 

The working out is exactly the same as in the StephenscMi link motion 
down to equation i3u Article 97. Her« the valoe -^ is to be 

substituted for sin S. and -r- for sin 7. 

Now «/ = !(?? -VP-rPcr) = (c- a +y,> 

and Ed^{EQ^ijP^Pd) = {c^u^y,\ 

But ^1 = from equauon 1 6 1 of the last article. 

Hence sin.3 = [c— a H "t)"^'- 

Substituting these values in equation \Sy Article 97. it i^aces to 
j=rcoisr , cc^6 , . sm 6 



— r sm r ' , - , r ci^ ^ h- sin ^ - — 



(n 
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Hence in the form 

a; = il cos^ — J58in^, 

4 = r|^cos</»~^— ^^-^^-pj^sin</»J=pcosVr (2), 

p being the radius and y^ the angular advance of the equivalent eccentric 
80 that 



and the numerical value of tan y^ is found from 

tan^ = j. 

Ejcample. In the London and North Western gear, Figs. 108 
and 110, 

c = 8'', 
i = 48", 
r = 2r. 

^sl08 degrees, so that cos = — 0-31, sin ^=: 0-951. The value 
of fi has been calculated in Article 102 for this engine, and is 0*514. 
Assuming w = 4^ inches, expressions (2) and (3) above reduce to 

il = - 1-26, 
fi= 1-42, 
so that 

a? = - 1-26 cos ^ - 1-42 sin d 

for this particular value of u. 

The radius of the equivalent eccentric is 



p = Vl-69« + l-42> = l-9, 
and the numerical value of tan -^ is 

r26 = ^^2^- 

The corresponding angle is 48° 24': the value of yfr is therefore 
180° - 48° 24' = 131° 36'. 

Corresponding calculations must be made for each separate value 
of u. The equivalent eccentric may however be found by a geometrical 
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process depending upon the &ct that the locus of the end of the 
equivalent eccentric radii is a parabola, which for all practical purposes 
may be replaced by an arc of a circle passing through the three points 
fixed by 

M = 0, M = c, and u^ — c. 
When ti = 0, 



.(4), 



When M = ±c, 



ile = r fcos0— T sin^j 

^ = r(cos</>-^5^8in</>), 

Let Oao, Fig. 115, represent the value^of -4©, Oa^ the value A^, aA the 
positive value of J5i and (ij)^ the negative value oi B^. 



.(5). 




Fig. 115. Allan Gear. Equivalent Eocbntric. 
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The problem is now to find the radius, R, of a circle passing through 
the points 610069. 

The relation 2jR x Oq ai = (oi h^ 

may be used for this purpose. 

A A rcn . . 

OoOi = -do - -^1 = I y . y . sin 0, 

0161 = J5 = ± r [ i/J^^D ^^ </» + sin </»j , 

, P r{sin0 + mcos</>}» .^. 

. . -a = — ^^ ; — 7 ^-^ (o), 

where m = y7 t 



? = 



2cn 

i(n+iy 



To draw the locus, therefore, find the point a© by calculating the value 
of Aq. Then calculate the value of -R from (6) and draw the arc 
through the point a©. The values of Bi set out above and below 
the centre line will then fix the extreme points on the locus 616,. 
Then for any given position of P in the link, the end of the equivalent 
eccentric p, divides the arc 6169 in the same proportion that P divides 
the link. 

Example. Taking the data of the previous Example, 

m = 011, 

J = 0113. 
From (6) R = 248 inches. 

From (5) B^ = 252 inches. 

From (4) Ao = - 129 inches. 

The arc corresponding to these quantities is shown in Fig. 116 
by 610069. 

The equivalent eccentric op is drawn for the value u = + 4^''. The 
point p is taken so that a^p represents 4^'' on the same scale that 0^61 
represents 8". From this by measurement 

/? = 1*9 inches, 
yfr = 131J degrees. 
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When this is known r can be calculated from either (1) or (2). 

If the actual eccentrics are made with the eccentricity r and set 
*^th respective angular advances + <f) and — <j> the gear will give 
mpproximately the distribution specified in full gear. What the actual 
distribution will be for full gear must then be found by drawing the 
Actual displacement curves. 

If the line of stroke of the piston is inclined to the line of stroke 
of the valve, an angle a say, as for instance in Fig. 108, the angles at 
which the eccentrics are to be set on the crank shaft will be 

Positive eccentric sheave (forward) ^ — a, 
Negative eccentric sheave (backward) ^ + a. 

If the line of stroke of the piston is above the line of stroke of the 
valve the signs before a must be changed. 

106. The Velocity of the valve of a link motion. The 

velocity of the valve can be found for a given crank angle and value of u 
from the displacement curve by the geometrical method of Article 49. 
For any practical purpose however the velocity can be found with 
suflBcient accuracy from the displacement equation in terms of the 
equivalent eccentric. 

The displacement of the valve in all the gears considered can be 
expressed approximately by the equation 

x^p cos (d + y^), 

where p and yfr are respectively the eccentricity and angular advance 
of the equivalent eccentric, these quantities being calculated from the 
dimensions of the gear, and a particular value of u. 
Then the velocity of the valve v is 

and when the angular velocity -tt is constant, it is equal to 27rn, where 

n ia the number of revolutions of the crank per second. Hence for 
a given speed 

Be carefril to express p in feet in order to get the result in feet 
per second. 
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107. CoDtroUJjig mecliaiii«i« for reTeritciif gean. t 
of tliem* have already been tneotionad inddentallir. Ii is [vo| 
to ooncludi! %inM chapter with a kw artkWs tspf>etaliy de%oted U^ 




Fig. 116. Controlling Lever and Quadrant. 

A controlling mechanism should fulfil two conditions, Fii 
should be able to hold the weigh-bar shaft securely locked ii 
one position. Secondly, it should allow the shaft to be moved qi 
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one position to another so that the engine may be reversed 

out delay, 

e earliest form of mechanism used for this purpose with link 

ona is shown in Fig, 116. A lever L, having a fixed fulcrum pin 

* is connected with the reversing rod i2, The lever is locked in 
one of the positions corresponding to the notches shown on the 
quadrant bar Q, by means of a spring catch S, By grasping the 
Ul handle h and the handle of L together the catch S is withdrawn 
XI the notch and held clear of the quiidrant, allowing the lever to be 
iied quickly into another position, where, on releasing the grip of the 
idle, the catch is forced into the noteh by a spring. The central 
right jKJsition of the lever corresponds to the central position of the 

tek in the link. The extreme notches correspond to fnll forward 
d full backwanl gear respectively. In locomotives the gear is so 
fimged that the lever L is pointing over in the direction in which 
t engine is running. Each of the notches shown on the quadrant Q 

Fig, 116 determines a definite position of the motion block in the 

tk alKiv^e or below the central position, that is to say, each notch 

rresponds to a positive or negative value of " «," The change from 

t notch to the next corresponds to a considerable change in the 

■n power of the engine as a rule. In order to obtain a finer 

PBtation of power, and at the same time to retain substantially 

rnied notches, two spring catches may be provided, both being 

Bnected to the rod controlled by the small handle h, but arranged 

I opposite sides of the lever i. The two bars, which bolted together 

tm the quadmnt bar Q between which the lever L moves, may then 

iVe the notches cut, so that those in the one bar are displaced 

Datively t^j those in the other bar through a distance equal to half 

e pitch of the notches. Then one or other of the catches will alwaya 

I in, whilst the other will be out of ge^n In this way the number of 

Bsible positions in which the lever may be locked is doubled for a 

ircn pitch of the notches. 

As the reversing lever L is brought towards the centre from either 

the extreme positions, the cut off is reduced, and the link motion 

jsaid t<i be *' notched up,*' a term originating with this contrivance, 
it which has been extended to denote a reduction In the cut off with 
most any kind of controlling gear, 

[ The screw controlling gear shown in Fig, 117 is more powerful than, 
^ cannot be so quickly handled as, the quadrant gear. There are 
ro typie-al forms of this gear. In the one, the boss of the casting 
rrjing the serew is provided with a circular plate, the circumference 
■ n V U 
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I is divided into notches, and a spring catch on the handle or 
al by means of which the screw is turned locks the gear in position, 
he otht;r typL% the one shown in the figure, a long nut and screw 
used and a special locking device is dispensed with. It will be 
from Fig. 117 that the nut is a lotjg sleeve, turned on the outside 
,t the main casting, and held from end motion by the lock nuts 
l# the one end and the shoulder H at the other end. The reversing 
©1 is keyed to the i^leevc?. The inside of the sleeve is screwed the 
le way along to take the screw S^ which is jointed to the reversing 
at J. The screw is 2 inches diameter, and is left hand, treble 
mi, and 1 inch pitch. The pin J is extended into the slot of the 
JS, which is bolted to the side of the main casting. The slot 
lefore serves two purposes. It limits the extent to which the 
¥f can travel out of the nut, and it holds the screw from turning. 
mail index /, carried by the flat bar A, travels over a graduated 
a of 'cut off" as the screw is moved in a nut. The cut off can 
'ery finely graduated by this gear. 

Power coRtHjlling gears are fitted to all large marine engines, and 
1 time to time power reversing gears have made their appearance 
oconiotives, but have never been generally adopted, the screw or the 
tr and fpiadrant being almost univc'i'sally used. Two of the most 
mt types of powei* reversing gears for locomotive work arc* describe<l 
lie following articles, together with two well-kuown marine ty|ies. 



108. Power reTerslng mechanism. Great Westeni Rail- 

fm A pow^er reversing mechanism, which is usetl tm some of the 
ines of the Great Western Railway, and which was designed by 

Dean, is shown in Fig. 118, Two cylinders, S and 0, are bolted 
the inside of the engine frame, and the pistons corresponding to 
m are fixed to a common piston rod, R, connected by a link» Q, to an 
,, ^, forged with the weigh-bar shaft whose axis is W. The cylinder, 
I a steam cylinder, the entry and exit of steam to and from it being 
broiled by the plug valve V. 

The second cylinder, 0, contains oil, imd it is fitted with a by-pass 
y valve, J/, which establishes or cuts off communication between the 

compartments into w^hich the piston divides the cylinder. When 

P^lve H is open, the piston is free to move, the oil displaced 
out' r.ouipirtuient passing through the passage in the valve to 
other compartment When H is closed, this passage of oil cannot 
'^ •*^iiei% and thw uiifton is therefore locked in position. 
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lling lever L fixed in the cab. A rod P, jointed to the aim 

an index /. by means of the bell crank lever B. The scale A*', 

hich the index niavefi, m fixed to the bc»iler front, and it is 

for ** cut off/' When the index ia at the middle of the scale 

on block is at the niiddle of the link. 

gear in »hown in the position where steam is acting to push the 
S from its central position, corresponding to mid gear, so that 
feigh-bar shaft is being turned in the direction of forward gear, 
is piissing through the valve, F, to the right-hand side of the 
the left-hand side being open to the exhaust The way is 
free for the oil to pass froiu the left-hand comjiartment of the 
Older 0, to the right, through the valve H. When the index / shows 
• the gear has the pioper configuration for the cut off desired by the 
Fbt, the controlling handle L is brought to the centre of the quadrant, 
Ire it is held fast l:)y the spring catch. This movement *jf L to the 
tre, sets the valves V and H in the way shown in the separate 
wing of them above the main drawing, where the steam valve, V, 
^hiit, and the l>y-pa*vH valve H is closed, thus locking the piston 
amd thei-efoi-e the weigh*lmr shaft. This central position of the lever 
ftjid the corresjxjntling positions of the valves, is the normal running 
ifigumtion *jf the gear. To reduce the cut off in forward gear 
% lever L is ]nilled back to the right of the centre, thereby bringing 
jt piston of S back t^jwards its central position. It will be understood 
%i the lever L does not correspond with a reversing lever of the usual 
be* It merely operates a steam valve, and hiis three positions, namely, 
fe mid or running j^sition. and the extreme positions in the quadrant 
^six)nding to the steam valve being open to one or other end of the 
linder X This gear works veiy well so long as the oil and the steam 
|ve are kept perfectly tight. A leaky oil valve allows the piston 
I gradually creep away from a set position, the creep being accelerated 
the steam valve leaks also. 



109^ Holdeii^B combined hand and power reTersing 
0clianisin. In this gear, recently introduced on s<>me of the loco- 
Otives oi the Great Ei^tem Rjiilway, the wheel and ^crew for hand 
(irersing is retained, and extm gear is combined with it, for utilising 
Ifwer derived from the compressed air used for ojjcrating the Westing- 
^use Imike. Either the hand or the |>ower methwl can be used at 
ill. and the act uf using one automatically cuts the other out* A good 
of the apparatus will be fonued from a consideration of the general 
[igemeut shown in Fig. 1 1 0, The hand gear consists of the wheui 
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iectc»d to the screw /, which by means of the nut J, moves the 

-^- ' li^ rod A ^iid through it the weigh-bar shaft W, The power gear 

of a cylinder A*^ operated by comprtiased air from the reservoir 

which is kept charged by the air-pump used in connection with the 

r©eLinghouse brake* To reverse by power the handle B is used, and 

le tunjing of it controls the entrance and exit of air to and from 

le cylinder K, through the valve Z, The connection of the hand and 

iwer gitar with one another la made by means of a cam M formetl witli 

ic handle B. luimediately the handle B is moved^ the cam M Iift8 the 

it^ or half nut rather, since the hjwer half is entirely cut away, 

leur away from the screw /, and then moves the valve Z^ thereby 

»tributing air to the cylinder K, so that the weigh- bar shaft is turned 

a direction detenuined by the direction in which the handle B was 

riginaily moved When the desired position of the shaft is obtained 

le handle is brought back to its central pjsition, thereby gearing the 

If nut with the screw again, WTien running with B in it^ central 

sition both ends of the cylinder K are in communic^ition with the air 

jrvoir P. through the valve Z, The piston rod F m designed so that 

le difference of areas between the two faces of the piston multiplied 

biy the air pressure furnishes a force along the piston rod sufficient to 

ice the weight of the motion banging from the suspension link Q, 

half nut is prevented from jumping out during running by means 

if the ratchet j and pawl r. 



110. The ^'all round ^' steam reyeriing apparatus. The 

principle of this appanitus is illustnited in Fig. 120, which shows the 
general arrangement in sufficient detail for the purpose of explaining 
Lthe reversing mechanism fitted to the engines of some recent twin 
crew torpedo boats built by Messrs Yarrow and Co. for the British 
Sovemment, Each of the two engines has four cylinders and four 
>rresponding Hnk motions. The handles, reversing wheel, etc.» are 
arranged so that the link motions can be controlled by the engineer 
standing at one end of the engine. 

Referring to Fig. 120, and considering one engine, the wcigh-bar 
baft W runs the whole length of the engine, and each of the four 
flint motions is connected to it by a drag link, coupling the centre 
of the link C to the end S of a corresponding arm, keyed to the weigh- 

Ibar shaft. One drag link G, and the corresponding arm WS, on the 
weigh-bar shaft is shown in the figure. 
The weigh-bar shaft litis an arta W% keyed to it at about the 
middle of its length, (The arms W8 and WQ are in different planes 
though they appear continuous in the figure.) PlaceiJ oppiwsite to this 
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arm is a wtTiu wf^tl V. oarri^vi v-n a shat: F which is sii|»|H.rt 
MiitahU' boar-.np^ atMvi.iti :.^ :iu- engine tranuw.-rk. A crank |iin 
the wx^rin \Nhn ! i^ »';^ra»U>i ;o iho fiul of the anu \yQ bv the cou 
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rod QP, A ^haft KK placed across the engine* and supported in bear- 
ings at tfiched to the fi^irae, carries a w<jriij, gen ring with the wheel U ; 
a emnk (not ^en in the figure) at thti left end, which may be turned 
hy a small steam engine, of which the back covers Y only are seen; and 
.«s bevel wheel B, A longitudinal shall /, slightly inclined in the 
vertical plane, carries at one end a bevel wheel i?j gearing with the 
irbeel H, and at the other end a wheel L^ which is heavy enough to act 
OS a flywheel to the engine F, and shajx^d so that it may be used as a 
hand wheel alno. 

A handle. H, operates the valve of the engine Y through rods 
and levers R^ iti, etc., at the mme time moving the index X by means 
of tlie rod r. Thus the weigh-bar shaft may be turned either by turning 
the band wheel L, or by admitting steam to the cylinder 1^, the wheel 
L in the latter case simply revolving as a fiyw^heeL If steam is admitted 
to Y continuously, the engine drives the worm wheel U continuously in 
one direction, whilst the end of the arm Q reciprocates to and fro, the 
leagth of the reciprocation being so arranged that the links are mov€*d 
backwards and foi^ards between the extreme poeitiona of ftiU gear 
ahead and fiill gear astern. 

It m not absolutely necessary therefore to provide the engine F 
with reversing gear, but it is usually made reversing eo that the links 
may be moved from a given position to any other position with the 
smallest possible angular motion of the worm wheel 

Reverial of Y is effected by turning the steam valve about its valve 
spindle by the handle IL The valve is cylindrical in form, and ia 
provided with jiorts so that in one angular ])OBition on the spindle 
it works iLs an tiniimiry slide valve with outside steam admission and 
inside exhaust, but when turned into a second position about the valve 
spindle it works with innide steatn admission and outside exhausl In 
this way reversal is ca^iily eflected. 

The method of reversal by the interchange of steam and e^thaust 
passages is more fully discussed in Article ISO in connection with the 
steam steering engine. When the links have been brought into any 
desired position, the weigh-bar shaft is locked by clamping the worm 
wheel U against one of the vertical standards of the en^ne, by metins of 
a T-headed bolt which passes through the standard, the T head lying 
in a suitably formed gn>ove inside the rim of the worm wheel The 
clamping is done by turning the handle A, which, by means of a 
longitudinal connecting shaft, turns the wheel q, which is in gear 
with the spur wheel p. The boss of p is screwed to fonn the 
of the T-he4ided bnlt. The wheel p and the worm wheel 
course on op|x»site aides of the column seen in the figure to 
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A triodel of the " all round apparatuB " can be seen at the South 
Ki ' i^n Husetim fitted to the model of the engines of the s.a 
/V In thb case the engines are worked from the front and 

the design of the gear is modiiied accordingly. 

ill. Bro wm ' § po w er reve rsin g m ech anlBtn ^ Fig. 1 2 L The piston 
nKl C, of a cylinder, continued through a small hydraulic cylinder J?, 

is ciHipted directly to the arm of the weigh-bar shaft at F, The j*iint F 
uxumt therefore move in a circular arc, and the ntcesaary »iugular 
freedom is obtained by connecting the main C4i8ting of the mechanism 
to the frame of the main engines by a single pin joint .4. When 
steam is admitted into the cylinder the piston hkI pushes or pulls 
the weigh-bar shaft into a new angular position, the speed being 
limited by means of the hydraulic cylinder E. A block piatt^n D 
is cottered to the piston rod and a small hole is drilled through it, 
and, the cylinder being filled with water, every movement of the pisttin 
md is accompanied by a tiunsference of water fr^m one side to the 
other of the piston i> through the small hf>le, the hydraulic resistance 
to thia transterence acting as a bi-akt^ The cylinder is kept filled with 
i?aier in an ingenious way. The water which collects in the bott^ira of 
the valve chest is forced by the steam pressure in the chest through 
the non-return valve H, and into the hydmulic cylinder which is 
connected to M by a small copper pipe, which can bo seen in the 
figure. 

The interesting feature of the gear, however, is the way the position 
of the piston in the cylinder, and therefoi^ the angular p<jsition of the 
weigh-bar shaft, is controlled by the reversing lever, the piston starting 
to move when the lever is moved in the quadrant, and continuing to 
move until it stops in a position which places the weigh bar in the 
definite angular position corresponding with the notch in the quadrant 
to which the reversing lever is moved. 

The mechanism for doing this is simple. An arm X is bolted 
rigidly to the piston rod. The end of this arm is grooved to the curve 
of the bar W, which can move easily up or down through the groove* 
The curved bar carries a shank TU, so that U-T-W in one piece. The 
valve rod is jointed with this piece at U, and the bell cnmk end of the 
Iter^ing lever is connected to it at T, Consider the motion of the 
"piece U'T'W relatively to the arm X. When it is pushe<I up or do¥mp 
the curved part If is compelled to slide in the slot, and the motion 
of the jtoints 7' and U is the same as though they were points on a bftr_ 
centred at the centre of curvature Z of the |iiece If, as ind 
in Fig, 121 and above in Fig* 122. So that in consider! ng; 
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of the piece U-T- W, so far as the motion of the points T and U are 
concerned, the actual mechanism may be replaced by a bar, carried 
on a centre Z formed in the arm X, the arm of course being supposed 
extended to the left for this purpose. The valve is set so that when 
Z'T'U is horizontal the piston is at the centre of its stroke and the valve 
is in its central position, so that no steam can get into the cylinder. 

Suppose now that the reversing lever is pulled into the astern 
position. The point T is moved upward to 2^, as indicated in the 
centre line drawing of the bar, Fig. 122, the bar turning about the 
centre Z, and hence the point U is moved upwards to CTj, causing the 
valve to open the lower port of the cylinder. Steam is admitted 
and the piston at once begins to move up, but in doing so it carries the 
point Z upward also, the bar now turning about Ti as a fixed point, and 
when Z arrives at Z^ the point U^ has moved downwards to its original 
position, thus bringing the valve back to the central position and 
shutting off the steam. The distance moved through by the piston 
depends upon the amount of the vertical movement originally given to 
Ty and this depends upon the angle through which the reversing lever 
is turned. Hence if the quadrant is divided up into notches, the move- 
ment of the reversing lever from one notch to another corresponds to a 
definite vertical movement of the piston, and to a definite angular 
position of the weigh-bar shaft. It will be seen from the drawing that 
the end of the weigh-bar shaft carries a rack /, gearing with a pinion J, 
the shaft of which carries a worm wheel AT, operated by a worm Z, 
which is keyed to a shaft on which the hand wheel M is fastened. When 
steam control is used the worm is thrown out of gear with the wheel 
by means of a cam. By throwing this cam in, the engine can be 
reversed by hand. A locking arrangement is provided so that the 
main engines can be linked up to, and locked in, any position in 
the ahead gear. A pawl P, weighted to disengage automatically by 
the weight Q, may be thrown into gear with the rack, where it is held 
in gear by the downward pull of the piston, a pull which is alwaj's 
maintained by setting the slide valve so that it stands slightly open in 
ahead gear. 
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CHAPTER VIII. 

WALSCHAERT GEAR. RADIAL GEARS. 

112. Resolution of the valve displacement curve into two 
components. The actual motion which the slide valve receives from 
the eccentric of a simple valve gear may be resolved into two 
component motions, which motions may be considered as derived from 
eccentric cranks which are themselves components of the eccentric 
which produces the actual motion. 

The case of most practical interest is that where the eccentric crank 
is resolved into two components respectively at right angles to, and at 
180 degrees with, the main crank, it being understood that if the line 
of stroke of the valve is inclined to the line of stroke of the piston the 
two are brought into coincidence before beginning the resolution. 

In Fig. 123, Od is the 180 degree component, and Oh is the 90 
degree component, of the eccentric Oa. The corresponding component 
displacement curves are shown in Fig. 124 together with the resultant 
displacement curve due to the eccentric Oa. Points on the curves are 
obtained by projecting the successive positions occupied by the points 
A, a and d, as the crank is placed in diflferent positions. 

In the diagram, any horizontal distance OiOj, measured to the 
resultant curve, is equal to the algebraical sum of the components, 
Oidj and OA. 

Neglecting the efifect due to the obliquity of the eccentric rods, the 
displacement curve corresponding to the component eccentric Od is 
a cosine curve whose maximum ordinate is 

Od = r cos <f> = A, 

and points on the curve may be calculated from 

J? = ^ cos (^ + 180) = -Acosd, 

The displacement curve corresponding to the component eccentric Oh 
is a sine curve whose maximum ordinate is 

OA = r sin = 5, 
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and pointB od the carve may be calcwhted fiom 

«»— JBmnA 

It should be carefully borne in mind that tlie quantity ^ k tk 
displacement of the valve from ita centnl poaitio n when tf » degna 
and is therefore equal to the steam lap pina the lead : and tbU J) ■ 
the displacement of the valve when » 90 d^greea. 

If the angular advance is changed to an equal negative value ■ 
order to obtain negative rotation of the crank, the 180 degree, or 
the A component, as it may be called, remains unchanged, whikfe Ae 
90 degree, or B component, changes its sigiL This will be seen ifc 
once from Fig. 123 where 06 represents the eooentric when ^ ■ 
changed to a negative value, and Od and Og are the respective A sodH 
components. The B component may now be conveniently desanbed 
as the 270 degrees component, or — 90 degrees oomp<m6nl Hie sue 
curve corresponding to the negative value of A is shown with fine dote 
and the resultant curve due to Oh^ or what is the same thing, the 
combination of the A component curve with the dotted curve, is shcwii 
with thick dots. 

Thus the combination of the A component curve with a 90 dqiree 
component curve determines a displacement curve which will effect 
a distribution of the steam causing positive rotation: and the com- 
bination of A with a 270 degree component will give a curve 
which detennines negative rotation. 

If A, still constant in value, be combined with either a 90 or 
270 degree coinjMment of smaller maximum value, the resulting dis- 
placement curve will have a smaller maximum value and will determine 
cut off in each case sooner in the stroke. 

There are two limiting Ciises, first when 5 = 0, secondly when il = 0. 
When 5 = the distribution must be effected by the A component 
alone and it will be recognised that this corresponds to a mid-gear 
distribution of the link motion, where the cut off is so excessively 
early that the distribution of steam cannot work the engine against a 
load. When -^ = 0, a steam distribution is only possible if the valve 
has no steam lap and works without lead, the corresponding indicator 
diagram being a rectangle. 

With a fixed value of A and a value of B varying between a positive 
and a negative maximum, families of displacement curves are obtained 
which determine various cut offs. 

The family of cun^es. Fig. 86, illustmte this point. Elach curve 
may be looked upon as the combination of an approximately constant A 
curv^e, the displacement curve at mid-gear, with a B curve w^ 




Fig. 123. 



Fig. 124. 
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maximum valae is proportioDal to the quantity u, where of course « 
ranges between a positive and negative maximum value. 

This principle of combining two displacement curves may be 
extended to include the combination of any pair of periodic curves 
roughly following the shape of sine and cosine curves whose values 
are a maximum and zero respectively both when the crank angle 
is and when it is 180 degrees. 

Thus, any periodic curve of the general shape of a cosine curve 
whose maximum value is A (the lap plus the lead), when the crank angle 
is or 180 degrees, may be combined with a curve of the same period, 
the general shape following a sine curve whose value is zero when the 
crank is or 180 degrees, to give a resultant curve which will represent 
the movement of a slide valve capable of producing a distribution of 
steam which will drive the engine. 

113. The rerersiiig gear known either as the Heuainger 
von Waldegg or the Walschaert gear. This is a gear, Fig. 125, 
constructed on the principles discussed in the previous article. The 
180 degree, or A component, of the valve motion, which it will be 
remembered is 180 degrees from angular agreement with the crank, is 
obtained by means of a lever VJD, connected to the valve spindle at T, 
and to the crosshead at D. In the usual arrangement of the gear the 
point V is compelled to move in a straight line by substantial guides, 
consequently the connection between the end D and the crosshead 
must either be slotted, or the link DH may be interposed to allow 
a small amount of vertical freedom to D as it swings about the 
point V. The point / must be so chosen that, considering it to be 
a fulcrum, at rest, the maximum movement of F to the right or left 
of its central position is equal to the steam lap plus the lead. The 
lever VJD thus has two functions: one, the reversal of the motion 
of the crosshead so that the motion of V is equivalent to the motion 
it would receive from a crank placed at 180 degrees with the main 
crank; this is secured by placing the point J between V and D: the 
other, the reduction of the stroke of the crosshead to the amount 2-4, 
which is accomplished by properly choosing the position of the point / 
in relation to the points V and D. 

The J)0 (Icgroo component of the valve motion is obtained by 
connecting the fulcrum / to a link Ee, curved to the radius of the 
valve rod ./P, and driven by a single eccentric sheave so placed with 
reganl to the crank that the link Ee passes through the position where 
J is its centre of curvature, at the instants when the crank is passing 
thmugh either of the dead point positions, namely degrees or 
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180 degrees. The angular position of the sheave is in coosequenee 
90 or — 90 degreas with the main crank if F ia on the line of stroke 

>f the piston, but if for constructive reasons it is found convenient 
place F nearer to Q, the angle ia slightly changed. The point Q, 

iboiit which the link oaci Hates, is a fixed axis, hence, when the point P 
broug[it into coincitlence with Q, by the turning of the weigh -bar 
ift whoso fixed axis is at W, J receives no motion from the link, that 
M — 0, and the motion is in mid-gear. 
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Fig. 125, Walsphakrt Yalvk Gear. 
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Variation of the value and sign of ^ is obtained by placing the 
point P in a position either above or below the fixed axis Q. The 
position is controlled by the suspending link SU and the weigh -bar 

Which half of the link will determine the sign of B for positive 
rotation (forward ninniDg) dejwDdB npon which end of th© link is 
connected to the eccentric sheave, and again, whether the eccentric 
sheave ia 90 degrees appmximately* in fi-ont of, or behind the crank, 
Ta ascertain which is the half for positive rotation in any given caae 
with out*iide steam iulmission, imagine the crank placed at degrees^ 
and then to bo ttimed slightly in the positive direction. Then that 
half of the link will determine positive rotation which moves away to 
the left of the vertical centre line. 

The nidius of the eccentric sheave Oj must be so chosen, that the 
motion V receives through the link Ee and the lever DJV, D being 
now the fulcjiim about which the lever turns, has a stroke equal to 25 
when P is at its greatest disttmce either above or below Q, B itself 
toving the value corresponding to full gear. 
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Thus the link Ee has two functions, one, the changing of the sign 
of B, which is brought about by placing P either above or below Q ; the 
other, the changing of the magnitude of B, which is accomplished by 
folding P at a definite distance from the fixed centre Q by the weigh- 
l>ar shaft gear. 

When the crank is at or 180 degrees the valve will be open 
by the amount of the lead. In order that the lead may remain 
constant, whilst the gear is changed from full forward to full backward, 
the point J must remain at rest whilst this change in the configuration 
takes place. This condition is secured by curving the link Ee to the 
radius JP. The initial geometrical problem in connection with the 
design of all reversing gears is thus exactly fulfilled. The distinguishing 
characteristics of this gear are therefore that the lead is constant for all 
positions of P in the link Esy and that only one eccentric sheave is 
required. 

114. Walschaert gears^ Northern of France Railway, and 
Belfktt and Northern Counties Railway. The gokxl record of 
the De Glehn four cylinder compounds on the Northern Railway of 
France in connection with the express service between Paris and Calais 
is well known in this country. It is interesting to notice that the 
De Glehn compounds are fitted with the Walschaert gear for both 
the inside and outside cylinders, the general arrangement of the gear 
for the outside cylinders being shown in Fig. 126 and for the inside 
cylinders in Fig. 127. 

Both drawings are lettered similarly with the centre line sketch, 
Fig. 125, so that there will be no difficulty in following the several 
parts. It will be observed that the eccentric sheave giving the 
90 degree component, has been replaced by a return crank in the 
case of the outside gear, Fig. 126. This is the usual arrangement 
when the gear is applied to outside cylinder engines. 

Another point to notice is, that the return crank, though equivalent 
to an eccentric placed at 90 degrees with the crank, is connected by its 
eccentric rod to the lower end of the link Ee, so that the l6wer half of 
the link determines positive rotation. Therefore w is to be considered 
negative when measured from Q, upwards, and positive when measured 
from Q downwards. 

The valve spindle is constrained to move in a straight line by the 
guide (j, which is fixed to the slide bar. 

The slide valve worked by this gear is of the balanced type and 
has already been illustrated in Fig. 16. 

The gear for the inside cylinders, Fig. 127, is generally simi 

15— 
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(lcsi|(ii to that iiir th«* oiitsi<l».' cvlimK-rs. An eceentric ^hcave driTe* 
tin- link. Immii^ ri»ii|>KMl l»y its t'CCf-ntric rod $<• that ih^ Ivwer bth" 
(IftrriiiiiH-s |M>.sitive nitiition. The bracket guidinsr tht- valve fjiindkis 
lHilt«<l to thr «-n^nne fraiiH*. I am indebted to Mr Ritsquet ^i :hc 
N«nth«Tii Railway of Franc** for the drawings frtjia which Figs^. 126. 
127. H) and Fi^. 132 h«'low have been prepared. 

Fi^. I2H shows thf armngeuirnt of the WalschiU^n pear ui^r^i k 
Mr Malcohii on soni*- inside rylinder four coupled l»jcy:»iiiotivt*.bel'>Tig-ing 
to thr Hrlflist and Northern Oninties Railway. It will be n«.»iice'i ihai 
thf rrnln- liin- of th«* rylindiT is inclined to the line of stn.iktr kA ihr 
valvr. Thf gt'nrral arningenient of the jiarts can eas^ily be made «>ti; 
from thr drawing. 

Thr Walscharrt g«'ar is extensively used in locomotive practice "H 
thr (\»ntinrnt. in fact it is so nipidly displacing the link motion th«rrt 
that it may l»r considered the stamlard fonn of reversing gear is: 

loriiiilotivr Work. 

It has hrrn iist'd to a limitrd extent on marine engint-s. Me??n= 
hi'hiiy of hiimharlon having fitted a UKKJification of it. tiesigned by 
Ml Wahrr rirnrk, ti» al)ont 70 srts of rngines, including th<ix- of tho 
Ihnrr. Cuhtis, L(n't{ ]\'tini*'it and other vr.ssels which are runninij uii 
ihr cinss (lianiirl and olhrr srrvic4's. A fine nnxiel of the engim-s 
(•1 ihr Prinrrss llviirlcttti fitted with this gear can be seen in the 
Sinilh KrnsiM^'t«»n .Mnsrum. 

llf) Wulschaert gear continued. Valve displacement 
(Uirvea of the high pressure gear fitted to the Northern 
Railway of France engine illustrated in Fig. 126. Tlu >yni]».l .- 
III. .Ill-- III r.ifMn.iiMii with ihi^ .i^'"'«^"' ^hr <listancr iK-tw^M-n ihr ]N'irj:< 
/' .iini \* will II iIh- ir.ink i> in thr z«'n» })o>ition, //bring ivck<'iii-<i 
jM.-.iii\i \\h. II i! IS iiir;isnr«Ml ti(Hii (J. (1« »\Mnvanls, and iirgariv*.- \vh«.ii 

III! .i-.llli «l lli'lll (J ll|i\\.inls. 

A ■., ! ,.! «li-|»I.i.riiitlit riMNrs \\tV X.'dursof //. 

(, I l.iinihi \\ II limn.. :r' = 7<)mm., H"=.SSiuin.. 

Zrlo, 

1,1 Imiimii. I.\ I 11mm.. ~:r' = -7<imm., -li" = .SSnnn.. 

,. |,..un III li- I *'» !.•:;. til. I uuh the |»i>ii»n <li>i)lacriiK*nt cur\rana 
,1,, I, J, I,,,. ,1,. ,..,.i1mii iih-ii l,.iiiiin.<: thr \alvr diap-am for thr ^^,-i\v. 
In tin ..r. ill. I, I-. II. i-iliN.- iip.i.l.' l.i|' >^" ihat t hr points ..f ivKaM-. 
,,M,K..| .-.M. . illx l'\ \\u I. IIM > ;in,l ilir jMMiits nfmmpivssi.ai, markiMl 

,..IK hx iIm K.I.i ■; .1 1 1..11 * 'Nvriiral crntiv linr rf tlu 

;i,:i,.,..M. h ^^.ll I- .Ml I...... .1' ^^''^'^ ^^''^ ^""'^'^ ^^ ron>tam 

t..| .ill x.ilii. ■■ .'! . ^ 



:'•".! TT > ;'[i--«i :-• •^♦.-^.•Tirt.- i-^^ualitv oi Wa'lin-.te 

". • :" . ' ' ■:: .JTt^i .>: ih*- t^.j! •»!" Fie. l-!i*. i'h--v*iil 

* .-. . "•-■ -::.:.j •: :hr- "wviirh-liar >hafc f<.»r which 4 

.' - • • :-. :r»-»\:. A >iii:i]l v./riical moveinem ^-f rhr 

•• •••:■ ••..:..•>»:• :hv 'r.iiik hxIv has a n-rgligiVlj 

• • .-•:.••.•.:!. It. '.':,*■ if.tii.il t-n^ino thtr vnhv ^;i? 
■ •: '» .* . -..^-:.: •::T!vr'.i»'>- in xh*-- Ivads lur the !*•> 

• ^ * • ■ .*].»• !;.• :;: un t- inav l»^' carried tnii iiithr 

'^ • ■ r' J is.i :::. -..::::•.- lino ..t tht- valw .-spindk n- 
: • • .:.?: -' .:: " ::.•. viitr''.! th»:' w.-igh-bar-hati ff. 
:.•:-. .•• ;: -.^r.: h ::.- liiik ••>cillatvs. Q. 

A-- : . .: . ■:>:•! u ••:..• 1;! .iirvt- i> t" Iv dniwn •.r 

i':-.-.N ::.' \\-:jl.-}»ar >hatT in the aiig^ilir 

•• -;• " ..: J ■ ::.• ji'.-.ii v.ilvit- •.•! t<. Thu> tixina: thf 

A - * :;.■•.> :.... :.. w :.. !>.- i-mu'I ...n Thi- disI.^ia'v- 
• : i-? ■ . :. ! -• .:.: :::xZiii ]-i>iii"!i>. I^T ^ In- ihi* angk- 
:• -.- :. >- : 'i: :hv •.-nink at Thi> anLrk- and 
.: v .-. •;.• ;.• -■.•:■ :\ • : :;.'.- ♦-LVt.-ntrio. ...}»T;^irlini^thr^t•^y 
• :'. : .:.• ". NV:::. rvii-.> ..-rial :•. xhr iK-u-^.h "i 

y : '• :. .: /;/; :i\i: : .- '-. i.--- «> 

.:' • :''■■• .:■• f\^\ y- y Th> ^^'- ^ 

» ■ : .:.•- 'J .:. I F •: •it- -r/.y !:.irk--i ••ii ;:. 



• : ^|-.:. -.: -. :W..-:'i ^vin-i ■^^^ :v: 1' ;::..i P. 

:■'.■ *: • ]'• ::.*- V aii'l P. wvi unViU^vi 

: ':.■ ■i!::;!--;-! :- in ■■■•:;*a.;: \vi::: 'h-f 

V -^ ] .:•-■■• :ii'.- iii!k> :i: :iu- ';.::::iv< 

// ■!. ; liiii^li :].• Ill t.i a lint: nt-i-d!." jM.-in:. 

' "^ :• C, and t!tn other at \h^ 

• vhain »*►•- ,n whert.- the 

: A< * IS on the hne 
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of stroke of the valve. This position can be found with accuracy 
since the fine centre lines can be brought easily to the centre of 
the needle hole in the windows. Then prick through the position 
F. This fixes the position of the valve corresponding to the crank 
angle 0. The remaining 23 positions can be found in a similar 
manner, and the displacement curve for the given value of u 
is then found by projecting or transferring these positions to the 
horizontals of the displacement diagram corresponding to the several 
crank angles, thus fixing the 24 points through which it passes. 

(7) Repeat the process for diflFerent positions of the point of 
suspension U corresponding to stated values of u and having dravni 
the family of curves, place the vertical axis TT, to satisfy some 
stated condition of valve setting. 



116. Walschaert gear continued. Approximate theory, 
nret Approximation. In this investigation the several obliquities 
of the connecting rod, of the eccentric rod and of the suspension link, 
US, are neglected, and the value of u is supposed to remain constant. 

Consider first the 180 degree component of the motion. The 
point J, Fig. 130, is the fulcrum about which the lever VJD turns 
under the action of the crosshead, and when the B component is equal 




180. Walschaert Gear. Centre lines after 
the eccentric rod. 
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to zero this point is at rest, except for the small vertical motioD ! 
consequent upon the constraint of F" in a straight line. 

The point J must be chosen between the points V and D so that | 
the stroke of F is equal to 2A, that is to twice the steam lap plus 
twice the lead. 

Let R be the radius of the main crank, then 

VJiJD^A :R (1) 

is a relation from which the proportions of the lever may be found 
when A and R are known. 

The displacement X, of the point H, from its central position, in 
terms of the crank angle, which is of course the same as the displace- 
ment of the crosshead centre, is given by 

X = Rcos0 (2). 

Hence, neglecting the obliquity eflfect of the link HD, the value of the 
180 degree component displacement is given by 

vr 

^j^xRcosS,: (3). 

Secondly, consider the 90 degree component. 
Let QF=c, 

Oj = r. 

Neglecting the obliquity of the eccentric rod, the displacement of 
the point F, from its central position, is given by 

r cos (9 + 90) = -r sin 0, 

and the displacement of any point P, distant u from Q, will be given by 

— r sin 0, if P is below Q (4), 

c 

u 
-h r sin 0, if P is above Q (5). 

c ^ 

For positive rotation of the crank the negative expression must be 
taken. In this u may be supposed positive. Therefore by changing 
the sign of u to minus when it is measured out above Q, the expression 
will be adjusted for negative rotation without further consideration. 

Neglecting the effect of the suspension link, and assuming the 
rod JP to move always parallel to itself, the point J will have the 
same horizontal movement as the point P. Hence equation (4) 
represents the displacement of the point J from its central position. 
So far as the lever VJD is influenced by the motion of the link it 
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^^3ums about D as a fulcrum. The motion of J must be increased in 
fcluc ratio VD : JD to find the value of the 90 degree component at 
fc4x« valve spindle. Therefore the displacement of the point F, due to 
^li.€ action of the eccentric and the links through which the action is 
"tsx^nsmitted, is thus 

- cJD^'''^ («>• 

The whole displacement of the valve, to a first approximation, is then 
given by 

« = — jjrxit cos 9 jjr sinp (7). 

VJ 
So that A = j^xR (8), 

^- cJD ^^'- 

Second Approximation. By taking into account the obliquity of 
the connecting and eccentric rods an expression giving a near approxi- 
mation to the actual displacement of the valve can be obtained. The 
assumption that the value of u remains constant must still be made. 
This assumption can be maintained sensibly true for either fore gear or 
back gear by properly choosing the position of the weigh-bar shaft. In 
engines designed for express work, and which therefore run usually in 
forward gear, the position of the weigh-bar shaft should be chosen to 
make the variation of w a minimum in forward gear. The result of 
that adjustment is generally to increase the slip in back gear. 

Referring to Article 71 it will be seen that equation (1) gives the 
displacement of the piston from its central position in terms of the 
crank angle 0. Neglecting the eflfect of the link DH, this is also the 
displacement of D, Fig. 130, from its central position. Hence the 
180 degree component of the valve displacement is given by 

-^xiJ(cos<?+-22^j (10)' 

where L is the length of the connecting rod and R is the crank radius. 

If r is the eccentric radius, and I is the length of the eccentric rod, 

the displacement of the point F from its central position is given by 

the expression 

//I . am . r*sin«(^-h90) .,,, 

rcos(^ + 90)-h 1^ '- (11), 

which is equivalent to 

( . ^ r«co8«^) 
«|rsm<? 2]-} (12). 
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The displacement of the point P, corresponding to a positive value 
of u, is 

ru 



rui . ^ rcos*^) .^^. 

^n^ — w-] ^^^^' 



Assuming u to remain constant in value, and neglecting the effect of 
the obliquity of the rod «/P, the point J has the same horizontal motion 
as the point P, 

VD 

Multiplying expression (13) by -yyc to obtain the value of the 

90 degree component at the valve spindle, and adding the expression 
for the 180 degree component given in equation (10), the actual dis- 
placement of the point V is given by the expression 

VJ ol ^ Rsin^d] VD ru(, ^ rcos*^(,,., 
^ = --^^xi2Jcos^ + -^^}--^x-|sm^----2^-)(14> 

This expression gives the displacement of the valve, reckoned from its 
central position, or centre of oscillation. 

The position of the centre of oscillation changes as the value of k 
is changed. In order that the expression may give the displacements 
from a common axis, as the axis TT in the valve diagram. Fig. 129, for 
all values of w, a constant term must be added to the equation, whose 
value is to be adjusted to each change in the value of u. 

Thus, let f(Uy 0) represent the right side of equation (14). Then 
in general 

x=f(%0) + C (15). 

Let a definite value, Ui, be given to u : then any value may be assigned 
to C. If the assigned value is zero, the equation gives the displace- 
ments from the centre of oscillation corresponding to w,. For greater 
generality let the constant have the arbitrary value C^. 

When another value is given to a, Un say, the constant Ca changes 
to Cx, If the gear is set so that the lead is constant, the values of x 
at the dead points are the same for all values of u. Hence when the 
displacements are measured from a common axis, the axis determined 
by the initial value Ca assigned to the constant, C^ can be found from 
the equality obtained by putting ^ = 0, in the general equation obtaining 
X, the displacement at the dead point *=/(«i, ^o) + C^i =/(wn, ^o) + C',. 
from which 

Cx=f{u^.0o) + Ca-f{Un.e,) (16). 

In order that the lead may remain constant for all values of «, the 
link must be arranged so that the point J is its centre of curvature 
when the crank angle is either zero or 180 degrees. The eccentric rod 
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^aoA link must therefore have the configuration indicated in Fig. 131 
far the crank angles and 180 degrees. Unless this condition is 
lealised, the point P cannot be moved from its extreme upper position 




CRANK AT O*' 
wi 

Fig. 131. Walschaert Gear. The Setting for Constant Lead. 

to its extreme lower position without changing the lead. The point m 
marks the mid-position of F, and it will be at once understood from 
the figure that the link does not occupy its mid-angular position when 
the crank is at either dead point. 

Ezample. The dimensions of the several quantities in equation 
(14) in the case of the high pressure gear of the Northern of France 
engine illustrated on page 226 are : — 

FJ'=75mm. 

JD = 700 mm., therefore VD = 775 mm. 

R =320 mm. 

L =2200 mm. 

r =90 mm. 

I « 1313 mm. 

c = 260 mm. 

Introducing these values in equation (14) and adding the arbitrary 
constant Ca, 

a; = - 34-25 (cos ^ -h 00727 sin' 6) - 0*383^ (sin - 0034 cos« 0) -h Ca. 

Table 9 exhibits the result of applying this formula to calculate 
points on the displacement curve for mid-gear, where u = 0. The value 
assigned to the arbitrary constant is zero. This value corresponds with 
the position of the common vertical axis TT, Fig. 129, which is there 
drawn so that it corresponds with the centre of oscillation of the valve 
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for mid-gear. From the Table it will be seen that the results, compai 
with the actual displacement, measured from displacement curves, 
within about half a millimetre. There may of course be small erron 
the drawing, so that so far as mid-gear is concerned, the formula n 
be considered fairly accurate. 

The results of calculating points on the displacement curve « 
values of u, ±114 mm., are given in Table 10. The correspond 
measurements from the actual displacement curves are also tabulal 
The diflferences between the measured and the calculated displaceme 
are greater than in the case of mid-gear, chiefly because the suspens 
link keeps t* in a continual state of change. In fore gear, howc 
where u has positive values, the differences are not great. 



TABLE 9. 

Walschaert Valve Gear. 

Comparison of the calculated values of the dis^placement witli 
values measured from the actual displacement curves. Mid-gear 



Value of 



X 

Calculated value 
mm. 

- 34-25 


X 

Actual value 
mm. 

-34-2 


Difference 
mm. 

0-05 


30 


-30-2 


-30-9 


0-70 


60 


- 18-97 


-19-3 


0-33 


90 


- 2-49 


- 2-6 


Oil 


120 


15-2 


15-6 


0-40 


150 


29-1 


28-9 


0-20 


180 


34-25 


34-0 


0-25 


210 


29-1 


29-2 


0-10 


240 


15-2 


15-7 


0-50 


270 


- 2-49 


- 2-8 


0-31 


300 


- 18-97 


-190 


0-03 


330 


-30-2 


- 30-6 


0-4 


360 


- 34-25 


-34-2 


0-05 
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Comparison of the calculated values of the displacement with the values 
measured from the actual displacement curves when u is equal 
to + 114 and - 114. 





U=+1W 


mm. 




u = 


= - 114 mm. 




Angle 


Calcalated 


Measured 


Difference 


Calculated 


Measured 


Difference 




mm. 


mm. 


mm. 


mm. 


mm. 


mm. 





- 34-26 


- 34-20 


0-05 


- 34-26 


34-20 


0-05 


30 


- 62-48 


- 52-60 


0-12 


- 807 


8-20 


0-13 


60 


- 57-91 • ■ 


- 68-60 


0-69 


19-94 


2100 


106 


90 


- 47-63 


-49-00 


1-37 


42-66 


44-30 


1-64 


120 


- 22-66 


- 2500 


1-34 


5419 


55-60 


1-31 


160 


6-83 


7-00 


0-17 


51-24 


51-20 


0-04 


180 


34-26 


34-20 


0-06 


34-25 


34-20 


0-05 


210 


50-50 


50-00 


0-60 


7-58 


6-60 


2-08 


240 


61-96 


53-00 


1-06 


- 21-50 


27-50 


6-00 


270 


39-68 


41-00 


1-32 


-44-67 


53-00 


8-33 


300 


17-70 


18-50 


0-80 


- 55-69 


61-50 


5-81 


330 


- 8-82 


- 9-00 


0-18 


- 51-74 


53-00 


1-26 


360 


- 34-25 


- 34-20 


0-06 


- 34-25 


34-20 


005 
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The design of a Walschaert gear. Proceed as follows : — 

(1) Make a preliminary drawing of the gear, adapting the 
general arrangement to the space available, and for greater 
generality suppose the point F, Fig. 125, to move in an arc which 
is above the line of stroke. This drawing fixes provisionally the 
length of the connecting rod, the position, Q, of the centre of 
the link, the position, TT, of the centre of the weigh-bar shaft, 
the distance QF=c, and the maximum value of m. It is 
generally convenient to connect the end of the eccentric rod to 
the lower end of the link, so that with the eccentric set at 90 
degrees, the value of u will be positive, when measured out below 
the centre Q, and negative, when measured above the centre. 
The signs of u must be reversed if the eccentric is set 90 degrees 
behind the crank. 

(2) Assume suitable values for 1 maximum 
port opening for steam, fo" 'lent 
eccentric, whose constiv 
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(3) From Article 116, equations (8) and (9), 

VJ 
pcosylr = A = jj^xR (1), 

^sm./r=5=-^x- (2). 

(4) Design the link VJD. Equation (1) may be written in a 
more convenient form for this purpose, namely 

JD=:^X VJ (3). 

Then take a value of VJ large enough to obtain proper joints 
at V and J, substitute the known values of A and R, and calculate 
the length JD. 

The design of the joints at V and J is an important matter. 
A drawing of these joints for the gear illustrated in Fig. 126 is 
shown in Fig. 132. The actual distance between the joints is 
75 mm. = 2*95". Pins V and J are obtained, each 40 mm. = 1-575" 
diameter, with room for the gun-metal bushes ZuX,. 

The object of the general arrangement is to get the centre 
of the joints V and J in the same vertical plane in order to avoid 
a twisting action on the valve spindle. This is accomplished by 
coupling the end of the valve spindle, P, to a long stirrup F, 
which carries the joint V centrally, and is guided in a straight 
line by the bracket (?, bolted to the slide bars. A gun-metal 
block B, held up by the bolts 61,63 forms, with a gun-metal piece C, 
a guide for the stirrup. The block B is hollowed out centrally to 
allow clearance for the valve rod when the motion block P is at the 
upper part of the link. 

(5) Having fixed the lengths VD and JD, calculate the value 
of r from expression (2), substituting therein the maximum value 
of u. Thus 

JD cB ... 

'•^FS^IT ^^>- 

(6) Find the proper angular advance of the eccentric sheave, 
or return crank, in the way detailed in the example following. 

118. Example. Design a Walschoert valve motion, the : 

conditions being: — 

Cut oflF, 80 per cent, of the gtrok e> 
Maximum opening, 1*625 
Lead, 0*3 inch. 

D. V. 
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The equivalent eccentric corresponding to these conditions is 
p = 2*655 inches, 
-^/r = 120 degrees 15 minutes. 

Therefore • ^ = lap -h lead = p cos -^/r = 1-33 inches. 
£ = p sin -^/r = 2*3 inches. 

The steam lap is therefore 103 inches. 

Design of the lever VJD. Let the stroke of the piston be 24 
inches, so that the crank radius, R, is 12 inches, and let the distance 
VJ be 3 inches. Then from equation (3) of Article 117, 

JD = yiqo- = 27 inches. 

Determination of the radius of the eccentric sheave. Let it be 
assumed that the preliminary drawing has shown that the following 
dimensions will be convenient, namely, 

c = 10 inches. 

w = 6 inches for a maximum value. 

Also the calculation just made gives JD = 27 inches; and VD= 
(27 + 3) = 30 inches. Then from equation (4) of the present article, 

10 X 27 X 2-3 



r = 



6x30 



= 3*45 inches. 




Pig. 133. Walsciiaert Gear. The Setting of the Ecxjentric Sheave. 

To find the angular advance of the eccentric sheave, or the angular 
position of the radius of the return crank. Set out the link, Fig. 133. in 
the position where J is the centre of curvature. J" is to be taken on a 
line parallel to the line of stroke of the valve and passing through the 
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itre of the link Q, JQ is etjiial to the length of the valve rod and 
lis length ig dL'termiDed by the prGliminary drawing. 

Dmw QF at right angles to the line of stroke of the piston. Join 
fO, Then the pointH pi and p^ are very nearly the positions occupitHl 
the centre of the eccentric sheave when the point F is at its 
points. Draw Oj at right angles to FO, Then Oj m the position 
rhich the eccentric must occupy when the crank is at degrees, *uid 
jerefore <f> is the angle at which it must be set with regard to the 
ik. The dotted position of the crank and eccentric shows that the 
int F is brought to the same position in its path when the crank is 
the l>iO degiTe position. Hence for either of these positions the 
aution block may be moved from one extreme position of the link to 
ae other, without moving the valve, because J is all the time at the 
of curvature of the link. 
The weigh -bar shaft centre can now be chosen to minimise the slip 
either gear, or to keep the slip as small as possible in both forward 
backward gear. 

119. Radial gears. Hackworih's gear. John Wesley Haek- 

rorth, in 18-i0, pMt*.-nied a valve gear, based upon the principle of 

^tnbinxBg two mations at right angles^ which differed considembly 

nn the fonns of gear in use up to that date, and this gear may be 

looked upon as the first of a class of reversing motions which have 

■ince been developed under the name of radial gears. 

Fig. 134 shows the principle of the gear which Hackworth patented 
in his specification, number 2448, An eccentric OD m placed at 
|80 degrees angular advance wnth the main crank. OK. The eccentric 
tjsshead J is constrained to move, by the giudt:? PP, in a straight path 
which may be placed exactly at right angles with the line of stroke of 
ae piston, or it may be inclined to the right or to the left of this 
Vertical position, and held at a definite angle, by means of suitable 
controlling gear, motion taking place about the filed axis If. The 
valve rod FK is now jointed to the eccentric rod at a point K. 

It will be seen at once that the horizontal projection of the motion 

of K gives a component at 180 degrees with the crank, the half stroke 

l^f which may be made equal to the quantity A, the lap plus the 

&ad, by suitably choosing the eccentric radius and the pa^sition of 

ne point V along the rod ; and that the horlssoutal prnjection uf the 

notion of J in its inclined jjath P gives a 90 degree component, 

rhich, reduced in the ratio VD:JD, combines with the 180 degree 

component to prtxlnce a resultant horizontal motion of V suitable f*jr 

working a slidu valve. The magnitude uf th*» u^ «* -* w^nt in 
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varied by varying the inclination k of the path PP. When the path is 
vertical, the 90 degree component vanishes (neglecting the obliquity of 
the valve rod VY) and the motion is in mid-gear. When the inclination 
is changed over from one side to the other of the vertical position, the 
sign of the 90 degree component is changed, and the engine is reversed. 
Such briefly is the principle of the action of Hackworth's gear. An 
approximate expression for the motion of the valve can easily be 
obtained, when the eflfects of the obliquities of the connecting rod 
and the valve rod are neglected. 

The horizontal projection of the motion of D in terms of the crank 
angle is given by 

^OD cose. 
Assuming the path PP to be vertical, so that the 90 degree component 
is zero, the corresponding horizontal motion of V is 

VJxOD . 
JD-"^^' 

Again, assuming the path PP to have its fixed axis W placed at 
the mid-position of J's motion, the vertical displacement of J from its 
central position in the path, neglecting the obliquity of the eccentric 
rod, is given by 

ODsmO. 

When the path is inclined at an angle k to the vertical, the horizontal 
projection of this is approximately 

tan/cx ODsind (1), 

and since J is turning about the point D as fulcrum, the magnitude of 
this must be reduced in the ratio VD : JD, Hence the 90 degree 
component is given by 

. tanicx VDxOD . ^ 

± JD sm^ (2). 

the plus sign being used when the path is inclined to the left of the 
vertical and the minus sign when it is inclined to the right. The 
former position corresponds to negative rotation, and the latter to 
positive rotation. Therefore the whole displacement of the valve from 
its central position is given approximately by 

a?= jjj — cos ^± tan /c jj^ — sm^ (3), 

from which 

VJxOD 



A = - 



JD 



J. ^VDxOD ^ 
5=1—^^— tan ^. 
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Fig. 134. 
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^'■ved path was used instead of the straight slide PP. in combination 
-^1^ certain modifications of the stuam ports, with the object of correcting 
'*ne of the inequalities of distribution connected with this type of radial 
^441-. The curved path is defcennined by a radius rod. Marshaira gear 
^^j^ilied to a marine engine m shown in Fig. 136, where the arrangement 
^^4:^<l for changing the jKXsition of Z, along the arc LL^t is i^hown*, 
lit> itccentric OD is placed at 180 degrees with the main crank, and 
fc^e point J is constrained to move in a curved path whose inclination 
^^ (ihe mid-position can be varied bj means of the worm wheel and 
^.Hadmnt shown in the figure. 

121. Two geometrical oondltloni which mu9t be satisfied 
^^ a radial gear. There are two principles connected with the 
Cjesign uf radisil giars which require closer examination. These may 
^le stated as two conditions, which must be satisfied, if the gear is to 
Qfive a fairly symmetrical motion to the valve about the centre of 
^2>®cillatitm, combined with the property of constant lead. 

(1) When the crank is placed at or 180 degrees, the move- 
ment of the reversing gear from one extreme position to the other 
should not cause any motion of the slide valve. This condition 
implicitly fixes the position of W, Fig. 134, the fixed axis uf the 
path PPi because it is the turning of this path about the axis W, 
fmm one extreme position to the other, which reverses the engine 
from full forward to full baekwaixl ge^ir. Hence the point J must 
coincide with the point W in these two crank positions, if the 
condition is to be fulfilled. 

(2) The point IF should be as nearly as possible the centre of 
the stroke of /, others ise, the movement of the valve will be 
unequal about the centre of oscillation, becanse the 90 degree 
component will have diflTerent maximum values during the rotetion 
of the crank from to 180 and from 180 to 360 degrees. 

Briefly, for an accurate gear, J must move as thoiigh driven by a 
rod infinitely long, so that J is at the centre of its stmke when the 
main cmnk angle is or 180 degrees, and when the inclination of the 
axis is changed it must turn about an axis coincident with «/*s central 
position. 

It will be seen at once that Hackworth*s gear does not exactly 
reiilise these two conditions. 8<j fjir t\B the first is roncemed, this is 
exactly realised if the axin of tli*> pith is mndt' i*^ f'nlnfJd** with *h*' 



* Beproduoed from Lb* />»<■ 
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poHition */ occupies in a line at right angles to the strc^e through the 
crank shaft centre, when the crank is placed at or 180 degrees. But 
by placing W thus it makes it impossible to realise the second conditioD 
exactly, because owing to the obliquity effect of the rod ZX/, IT is not 
then the mid-position of </'s travel. It is also evident that when the 
path PP is placed in the mid-gear position there will be a small value 
of the 90 degree component due to the obliquity of the rod YV. 

122. Impracticability of connecting the point I> directty 
to the connecting rod. An examination of Fig. 134 would suggest 
the practicability of taking the motion of D fix)m some point on the 
connecting rod, thus obtaining a valve gear which is both a reversing 
and an expansion gear, without the use of eccentric sheaves at all. Tiy 
it, and then apply the conditions of the previous article. Thus, set 
out the crank circle. Fig. 137, and assuming some point on the con- 
meeting hkI, i?, find the points Ro and ii,8o occupied by this point when 
the crank is respectively at and 180 degrees. Bisect R^Ri» in Oi, and 
througli 0, draw a line OiZ, at right angles to the line of stroke of the 




Pig. 137. Obliquity Effect of the Link BJ. 

piston. Thrn tako any point J on this line. Then JR^ is the link 
I'orrrsponding with tho occontric rod DJ of Fig. 134, in the position 
whon ^ = 0. ./Wmi is the jH>sition of the link when ^ = 180 degrees. 
T\\v point ./ must thoivforo coincide with the axis W of the path, if 
tht» tii*st. condition of tho previous article is to be fulfilled; for only 
thon ran i\\v \^^xi\\ bo moved fmm one extreme position to the other 
Nvitl\out. moving the valve. If the second condition is to be fulfilled, ./ 
must also mark the mid-tmvel of the end of the link JR^. Mark oflF J, 
and %l^, tho iloail jKunts of ./ s motion, and it will be seen at once that 
tho nxilisation of tho second condition is impossible. 
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123. Brown gear. This is shown in Fig. 138, as applied to a 
Swiss locomotive. The connecting rod drives the crank through the 
rocking lever GHI, And with the gear shown, it is possible to connect 
the point D of the lever VJD to a point on the lower connecting rod IK 
so that the two conditions of Article 121 may be approximately satisfied. 
In gears of this type, the eflfect of the obliquity of the valve rod on the 
movement of the valve, may be approximately corrected by causing the 
point J to move in a path struck with a radius equal to the length 
of the valve rod itself A characteristic feature of Brown's gear is the 
use of a system of compound levers to guide J in an approximately 
circular path of large radius, for the purpose of correcting the obliquity 
of the valve rod, whilst the levers themselves are short. The arrange- 
ment is clearly shown in Fig. 138. A frame, which can be turned about 




Fig. 138. Brown Yalvb Gear. 

a fixed axis W, carries two fixed centres at a and c respectively. The 
link ah vibrates about the centre a, guiding the point 6 in the arc of a 
circle. A slide is centred at c through which the end of the lever Jb is 
free to move. The motion is in fact geometrically the same as that of the 
oscillating cylinder engine, ah being the crank, and ch the cylinder and 
piston rod, but the piston rod is produced to J, By properly choosing 
the proportions, the point J may be constrained to move in a curve 
whose curvature is approximately constant. By choosing the proportions 
so that the curve has a radius equal to the length of the valve rod the 
obliquity errors of the valve rod may be approximately corrected*. 

Many examples of this gear may be seen on the locomotives in 
Switzerland, to which country the use of the gear has been principally 
confined. 

* For farther illastration of the Brown gear and some historical notes in connection 
therewith, see a paper by Otto Granger, pnbUshed in Engineering^ Jan. 15, 1886. 
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124. Joy gear. In 1879, specification No. 929, Mr David Joy 
patented a gear worked fix)m the connecting rod. The point D, Fig. 139, 
is connected to a lever RS, R being pinned to the connecting rod itself, 
and S being guided along the line OiZ. With this arrangement it is 
possible to choose the point D in such a position along the link RS 
that the two conditions of Article 121 may be simultaneously satisfied 
The way to choose this point will be shown in Article 129. 



QiSO 





Pig. 139. Correction op the Obliquity Effect of DJ by the 

INTRODUCTION OF THE LiNK BS. 

This gear formed the subject of a paper communicated to the 
Institute of Mechanical Engineers at the Barrow meeting in 1880, 
at which Mr F. W, Webb exhibited a London and North Western 
six coupled goods engine, cylinders 18" diameter x 24" stroke, fitted 
with the gear. Subsequently, the gear was used extensively on the 
London and North Western Railway, nearly the whole of the compound 
locomotives being fitted with it. It was used to some extent on the 
Great Eastern Railway, by Mr T. W. Worsdell, and to a much greater 
extent on the North Etistem Railway. Mr Aspinall has introduced the 
gear on the Lancashire and Yorkshire Railway, and Fig. 140 shows 
the gear applied to a four coupled express engine, belonging to the 
Lancashire and Yorkshire Railway. 

It will be seen that the 180 degree component of the valve 
displacement is obtained from the lever VJD, the lower end receiving 
a horizontal movement from a link RDSy jointed to the connecting rod 
at B, and to a radius rod at S, The object of the radius rod FS is 
to guide the lower end of RDS as nearly as may be in a vertical 
straight line. 

The lever VJD must be so proportioned, that considering the 
point J to be a fulcrum, at rest, the end D receives such a horizontal 
movement, that the point V moves a distance equal to the lap plus 
the lead, to the left or to the right of its central position. The fulcrum 
J must also be placed between the points V and D in order to secure 
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the reversal of the movement of V with regard to the movemoit 
of the point D. Thus the point V communicates a motion to F, » 
that Y moves as though it were connected to an eccentric crank haTing 
180 degrees angular advance, and a radius equal to the lap plus the 
lead. 

The 90 degree component of the motion is obtained by guiding 
the point J in a fixed inclinAi path, PP, which is centred at W, and 
which is curved to the radius of the valve rod VY. The projection of 
J*s motion on the line of stroke, multiplied by the ratio VU/JD, is 
the value of the 90 degree component. The multiplication by the ratio 
VD/JD is necessary, because, so far as the motion of V is influenced 
by the sliding of J in the inclined path, the lever may be supposed to 
move with the end D always in a vertical straight line, so that D is a 
fulcrum about which the lever is turning. 

When the crank angle is or 180 degrees, the projection of J's 
motion is zero; and when the crank is at 90 degrees or 270 degrees, 
the projection is in the neighbourhood of a maximum. 

Hence the projected motion of */, combined with the motion which 
Y receives from the horizontal movement of the point F, together 
give a displacement to the valve, which is suitable for distributing the 
steam. 

The magnitude of the 90 degree component is changed by changing 
the inclination of the path PP and the change in the inclination is 
made, just as in the Hackworth gear, by means of a rod, connected 
with a reversing wheel of the usual type. When the reversing wheel Ls 
turned into the position where it holds the path PP, so that a tangent 
to it at W is vertical, the 90 degree component of the motion is zero ; 
and the apparatus is in " mid-gear." J simply slides up and down in 
the path without moving F, and the only motion Y receives is that 
from the horizontal movement of D about the fulcrum J. 

The sign of the 90 degree component is changed by changing 
the inclination of the path PP from one side to the other of the 
mid-position. 

The condition that the lead shall remain constant for all degrees 
of expansion is fulfilled if the point J coincides with the point IF, the 
fixed axis of the path PP, when the crank occupies either the zero 
or 180 degree positions. Then, and then only, may the path PP be 
turned about its axis W, from one extreme inclination to the other, 
without moving the valve. 

The fulfilment of this condition cannot always be realised exactly 
when the gear is fitted to a locomotive, especially one of the tank 
engine class, because the variation in weight of the engine, due to the 
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gradual consumption of fuel and water, allows the frame to rise slightly 
on the springs, carrying with it the axis TT, without any corresponding 
movement of the crank axle. Consequently, when such movement 
takes place, the points J and W do not coincide when the crank is 
either in the zero or the 180 degree position. 

The arrangement of the gear shown in Fig. 140 is that which is 
applied to some 7' 3" four coupled express passenger engines on the 
Lancashire and Yorkshire Railway. 




Fig. 141. Joy Valve Qbar. 

Fig. 141 shows the gear applied to a marine engine, where a radius 
rod JL is used to guide J in the path PP, The inclination of the 
path is changed by changing the position of the centre L, 

126. Joy gear continued. Displacement curves for the 
gear shown in Fig. 140. Here the variable quantity u, which 
hits hitherto been used to define the different settings of the gears 
examined, is replaced by a constant /c, which defines the angle made 
by the path PP with its mid-» 

Defining this c^ '^nt to the path 

PP, at the T Ured the 



264 Valves and Valve Gear Mechanisms [ch. vm 

zero position. Let k now be defined as the angle which the tangent 
to the path at IF, makes with the zero position, being reckoned positive 
when the angle is measured to the left of the zero position and negative 
when measured to the right. A little consideration will show that with 
this definition of the sign, a positive value of k corresponds to positive 
rotation, always assuming that the steam is admitted at the outside 
of the valve. 

Displacement curves corresponding to values of k, 

2li^ \^\\ 7^, 0, -7^, -i4r, -2li^ 

are shown in Fig. 142. It will be observed that the common vertical 
axis is placed to secure equality of lead in the two cycles, and that the 
lead is constant. The piston displacement curve is added, and also the 
lap lines, thus converting the drawing into a valve diagram for the 
gear. 

126. Joy gear continued. The drawing of the displacement 
curves. The gear should be drawn in the configuration corresponding 
to, at least, 24 equidistant crank positions in order. to find the corre- 
sponding positions of the valve. It is necessary to set the gear out 
full size in order to obtain the accuracy required in practice. This is 
a somewhat troublesome process, and it is generally more expeditious 
to make a light model of the gear in wood, and to use it for the purpose 
of finding the position of F, for a series of crank angles, by direct 
measurement, thus obtaining data for the drawing of the displacement 
curves. 

There is a way, however, in which, by the use of templates all the 
rods of the gear may be " suppressed," and the paths of diffierent points 
in the gear may be drawn, without using the actual centres or lengths 
of the links at all; so that all the point paths, necessary to the 
solution of the problem of locating the valve for a given crank position, 
may be drawn grouped about a centre, and thus all the work may be 
done on a reasonable sized sheet of paper. The method will be given 
in detail, because it may be applied generally to many similar problems, 
and the working out of the Joy gear by its means therefore may be con- 
sidered as a particular application of a general method of great utility. 

The method depends upon the following Theorems. A particular 
application of Theorem 1 has been given already in Article 35. 

127. Theorem 1 *. Fig. 143. If the respective paths of two 
points, P and Q, of a rigid link, be given, and if one path be displaced 

* Due to MM. Coste and Maniquet, TraiU TMorxque et Pratique des Machines a 
Vapeur au point de vue de la Distribution. Baudry & Cie, Paris, 1S86. 
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a distance PQ, parallel to any fixed direction, corresponding position 
P and Q in their respective paths may be projected, the one from 
other, by a template, shaped, so that one edge is circular and of ra 
PQ whilst another edge is a radius of that circle : and placed so 
when the comer of the template is on the displaced path, the cui 
edge passes through the given position on the other path, whilst 
straight radial edge is parallel to the direction of displacement, aD 
pointing in the direction of the true position of the path on which 
comer of the square is placed. 




Pig- 143. Locating Corri-sponding Points on Displaced Path{ 

Proof, Let P, Q be two points on the rigid link whose respec 
paths are Ppp and Qqq, Pet Pj be any given position on the \ 
of P. The corresponding position of Q in its path is found by drav 
an arc, with radius PQ, from Pj as centre, cutting Q's path in 
Suppose the path Qqq to be moved parallel to XX, and throug 
distance equal to QP, 
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Considering the point Qi, its new position will be Qa, Q1Q2 being 
3qual to QP, and parallel to XX. But Q1Q2 is equal to QjPi. There- 
fore the points Pi and Q^ lie on the arc of a circle drawn from Qi as 
jentre. 

Clearly the position Q^, in the displaced path, may be fixed by 
using the set square indicated by shading in the figure, where it is 
shown both shaped and placed as required by the theorem. 

The proof is true for every pair of corresponding points on the 
paths. Hence the theorem. 

Corollary. If the path of Q is displaced, parallel to XX, a distance 
QC, and the path of P, parallel to XX, a distance PG\ then, if the 
algebraic sum of the two displacements is equal to PQ, an arc of 
radius equal to P^ will still pass through a pair of corresponding 
positions. 

It will be noticed that one of the points, Q21 is fixed by the comer 
of the template. In actual work it is rather awkward to locate a 
point in this way and it will be found more convenient to make a 
template of the kind already described in Article 35. No difficulty 
will be found in applying the principles of the theorem with a 
template or curve so shaped. Another way is to draw a curve of 
radius PQ on a sheet of squared tracing paper. The lines of the 
paper enable the curve to be placed on the paths quickly and con- 
veniently so that the corresponding positions of two points on the 
paths may be pricked through. 

This Theorem was extended by MM. Coste and Maniquet to find the 
position of any point on the link relatively to the displaced paths, the 
locus of this point being of course the displaced point-path. The 
following form of this extension of the Theorem, which is simpler and 
more quickly applied, is due to Mr Archibald Sharp. 

' Theorem 2*. If the displaced paths of two points P, Q, of a 
rigid link, be given (the paths having been displaced relative to one 
another a distance PQ, in a direction parallel to a fixed direction XX), 
and a series of corresponding points on them be joined by straight lines 
/>i9i» />s92» Pz<liy etc.; then, if each of these straight lines be divided 
at Ci, Ca, Cs, etc., in the same proportion that a point C divides the 
straight line PQ, a curve drawn through the points c,, Cg, c„ etc., is the 
point-pith of G, displaced a distance CP, relatively to the path P, in a 
direction parallel to XX. 

* See an article by Mr Archibald Sharp, who applied them to draw the point paths of 
several mechanisms, including a Joy gear, in an article in Engineering, AprU 6, 1894. 

D. v. 17 
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Let the circle and the dotted curve, Fig. 144, be the given paths 
which have been displaced a distance PQ relatively to one another, in a 
direction parallel to XX. Displace the dotted path through a distance 
equal to PQ, parallel to XX, in the reverse direction to the originil 
displacement. Then the two paths will be placed in the same relatiTe 
position with regard to each other which they actually occupy in 
the mechanism ; and in this position the distance between each pair 
of corresponding points on the paths is constant, and equal to PQ, the 
length of the link. 

Let /?, Q be a pair of corresponding points on the actual paths, and 
let q be the corresponding position of Q in the displaced path. Join pq 
and take a point c so that 

qc:cp=QC: Cp. 




^aJlhcf^ 



Pig. 144. Given two Displaced Paths, to find the Displaced Path 
OF A Third Point on the Link. 

Then the theorem is proved if it can be shown that Cc is equal to 
Cp, and that Cc is parallel to XX, 

Since c and C divide the sides 2^q and pQ of the triangle pQq in 
the same proportion, Cc is parallel to Qq, Hence the triangles pCc 
and pQq are similar; and therefore, by the terms of the theorem, 
pQ is equal to Qq and pC is equal to Cc. Also since Cc is parallel to 
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is parallel to XX. Hence the theorem* It may bo noticed 
the theorem is equally true if the point C is taken in Qp 
aced. Then of course c must be taken in qp produced. 
IB theorem may be extended to inchide the caao whore O is 
1 anywhere in the link. C is then to be regarded as the apex of a 
^le of which PQ is the base. The corresponding pr^sition of e 
I the ilisplaced |);ith is fixed by the apex uf a triangle, whose ba8<i ia jmj, 
id which is similar to the triangle pQC. 

By means of these two theorems, all the point paths required in 
determination of corresponding jwsitions of the crank and the valve 
fcy be ea^sily found in any type of valve gear. 
Stating an example formally ; given the dimensions of the Joy gear 
145, find the 24 positions of the valve, that is of the point F| 
irresponding to 24 equidistant crank positions. Before proceeding to 
aly the method to the gear, the following templates must be prepared, 
|e general shape being similar to the template shoiivn in Fig. 28, 

1 template, 74"^ radius, for suppression of the connecting rod* 
1 template, 20 ' radius, for the suppression of the rod RS, 
1 template, 43^" radius, for the suppression of the rod YV. 
1 template, 20/^" radius, for the suppression of the rod VJD. 

(1) Applying the corollary t-o Theorem (1), displace the 
Circular path of the cmnk pin a distance KR along the line 
Df stroke, and the straight path of the croashead a distance QR 

long the line of stroke. The whole relative displacement in the 

ection iif the line of stroke ii:i thus equal tc> 74", the length 

bf the connecting rod, and the path of Q therefore becomes the 

imeter of the crank pin cii'cle which coinci<Ies with the line of 

troke produced, as indicated in Fig. 140. Divide the circle into 

equidistant crank positions, and project them by the proper 

rved template on to the path of Q. Thus, point k is shown 

ojected to point q by the dotted curve* 

(2) Apply Theorem (2) to find the path of R. Consider the 
mk position No. 9, and lettered k* Join k to the corresponding 
lition of y, and take the point r so that 

krirq^KR:RQ^49:$B, 

nen r is a piint on the path of B. Repeat the construction fo^ 
orresiKmtlingly nvmibered points, and sketch in the path of R^ 

(S) Now fix the attention upon the link RDS 
^f ^ is kn^jwn and also the 24 points on it com 
fihe 24 equidistant crank [>u«$itiona. It is requirecl 




Fig. 146. 

Joy Gear, Point Paths op Gear shown in Fig. 140, the dimensions 
of which are given in fig. 145. 
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of the link Sfl. an arc struck from / as centre with radius FS, 
will represent the ]mth of S, displaced vertically* through a dii§taiice 
RS^ Then with the proper temijkte, project the 24 points from 
the path of ii on to the path of S. The point r is shown so 
projected to *, (The positions of the other points on S ar© omitted 
to avoid confusion,) 

(4) Apply Theorem (2) to find the path of D. Considering 
the pair of points r and «, corresponding to No. 9 position, join 
them, and Uike the point d bo that 

Then d is a point on the path of D, Repeat the construction for 
correspondingly numbered points and sketch in the path of D. 

(5) Consider now the link VJD. The path of D is known and 
24 positions in it. The path of J is known when a particular 
value of fc is given. It is required to find the 24 positions on the 
path of J corresponding to the 24 positions on D, antl also to fiod 
the path of V and the 24 corresjionding positions in it, AppUnng 
Theorem (1), the path of J is to be displaced vertically downwards, 
i^ith regard Uy the path of D, through a distance JD, But D has 
already been displaced upwards a distance DR, Therefor© J must 
be displaced dowuward>^ through a distance JD— BR — V^-^(^'\ thus 
bringing the centre W on to the centre of the circle. Let ie^2\\°. 
Then, ihrnw the i*ath as indicated and using the proj^er template, 
project the numbered points on the path of D to the path of J, 
The point d is shown so projected to j, 

(6) Apply Theorem (2) to find the path of K Considering 
one \m\v of points d and j, pixnJuce the line dj to v, taking v so 
that - 

d/ :> = DJ:JV= 20/(j" : 2^'\ 

Re|>eat the process for correaixindingly numbered points and 
sketch in the path of V. 

(7) Since the path of V has been displaced vertically down- 
wards through a distance i)K— /iD^lfiJ inches, the path of 
y has come down with it thmugh the stime vertitml distance, 
consequently the path of T is 1^ inches below the centre line* 
Now, applying Theorem (1), dispWe tti^ ,|{at.h of V horizontally 
through a distance eqii ' r vn W> uro^HT template 
prtyect the 24 position.s a- '^he jN:>inl v 
is shown SM> projected 
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Pig. 147. Joy Gear. Paths of Point F, Fig. 145. 

A somewhat more convenient way of getting the positions o 
from the path of F, is to draw an arc, with radius FF, through 
point T, constructing what is called a " big end base " in Article 
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Then, the horizontal distance between any point on the path of V and 
this arc, is the corresponding displacement of the valve. 

Fig. 147 shows the paths of V corresponding to the values of k 
already specified. The arc BB represents the " big end base," so that 
the horizontal distance from this curve to any of the numbered points 
on the paths gives at once the displacement of the valve for the value 
of K to which the path corresponds, when the crank occupies the 
correspondingly numbered position. 

128. Joy gear continued. Approximate theory. Fig. 145. 
Neglecting the obliquity of the connecting rod, the horizontal displace- 
ment from the centnil position of every point on the rod is given by 

OA'cos^. 

This is therefore the horizontal displacement of the point R from 
its central position. 

Again, the point S may be assumed to move in a vertical straight 
line without introducing sensible error, so that the horizontal displace- 
ment of the point R from its central position multiplied by the ratio 
Z>*S : RS, is the horizontal displacement of D, 

The lever DJV reduces the horizontal displacement of D in the 
ratio VJ : .//), so that finally, the horizontal displacement of V from its 
central position, when the path PP is vertici\l, is given approximately by 

VJxDSxOK . 
- JDxRS ^"^^ <^^- 

The minus sign is prefixed because an inspection of the drawing of the 
gear will show that the displacement is 180 degrees from angular 
agreement with the crank. This represents the 180 degree component 
of the motion of th(? valve in terms of the crank angle 0, and it is the 
actual motion when the path is vertical, that is to say, when the motion 
is put in mid-gear. 

The magnitude of the 90 degree component depends upon the 
movement of ./ above and below the centre TT, of the path PP. With 
proper projxjrtions of the links, the mid-position of this vertical dis- 
placement is as nearly as possible at the j)oint Tr. The actual vertical 
distance of the point R above or below the line of stroke of the piston 
for a given value of the crank angl(» 6 is 

^-,^ X Oh sm c/, 

and neglecting the obliquity t>f the nwl /)./, this also gives the approxi- 
mate vertical disphicement of the jHunt J, from its central position W. 



264 



Voices atid Valve Gear Mechanisms 



[ca 



When the path PP is inclined to the vertical c degrees, the 
h€jTi2fmla\ j^ection of the displacement, on a horizontal line through 
J, is therefore approiiniately 

QR 



QK 



X OK an0 X teai K . 



■{i\ 



The actual magnitude of the projection is increased in the ratio 
VD : JD because so &r as this component is concerned the lever VJh 
is turning about the fulcrum D. Hence the whole displacement x 
is given approximately by 

VJxDSxOK ^^VDxQRxOK^ . ^ 
ar = ^^ net — costf+— YTi\:r\ir — tanic Sin 5 (3). 



JDxRS 



JDxQK 




Z 

Fig. 148. Joy Gear. Design. 

Tlic ininuH sign before the second term is to be used when the 
\H inclined to the left of the vertical through W, and the plus sign 
wiien it iH inclined to the right. The former position corresponds to 
forward gt»ar. Hence for the Joy gear 

VJxDSxOK 
^ = JDxRS (^) 

, ,, ^VDxQRxOK^ 
'''''^ ^^^^--JDxQK "^^^ ^^^- 

Uwing the diinensii>ns of the Lancashire and Yorkshire gear shown 
in Kig. I-I«r>. the expression reduces to 

.r = - 1 1 84 cos 0- 501 9 tan /c sin ^ (6). 

(Jiving ^- the value 214 degives. convsjHniding to full gear, the expression 
hecon\es 

0*=- 1184 case? -1-97 sin tf (7). 



n] Radial Gears 265 

hen « = 0, the mid-gear condition, 

ir= 1184 cos tf (8). 

le curves corresponding to the equations (7) and (8) are shown 
chain dots on the valve diagram, Fig. 142. Comparing these 
th the actual curves they purport to represent, the extent to 
lich the approximate theory is useful may be estimated. 

129. Design of the Joy gear. The actual design of a gear 
somewhat tentative, but the following method will probably be, 
ind useful. 

(1) Find the equivalent eccentric for the cut oflF, maximum 
opening, and lead desired, and calculate the values of A and B, 

(2) Set out the crank circle and the centre line of the stroke, 
Fig. 148, and find a point on the connecting rod so that its vertical 
distance, y, above the projection of its central horizontal position 
on the line of stroke, is given by 

B JD 

^"tan/c^ VD' 

In order to calculate y some value of the oratio JD : VD must 
be assumed. From 0*8 to 0*87 may be taken in the preliminary 
design of the gear for locomotives. Thus in Fig. 148 iJi, ii, are 
the positions occupied by the point R on the connecting rod, when 
the crank angle is zero and 180 degrees respectively, 0, is the 
projection of the central horizontal position of iJ, and y has the 
value given above. Draw a vertical ZZ through 0, and set out the 
centre line of the valve spindle at some convenient distance z 
above the line of stroke. 

(3) Take the link RS any convenient length, but long enough 
to prevent the angle between its two extreme positions exceeding 
90 degrees. If possible the angle should be less than 90 degrees. 
The radius rod FS, Fig. 140, may now be sketched in, any length 
being taken, and the fixed point being put to the right or left of 
the centre line as may be most convenient, but arranged to guide 
the {>oint 8 as nearly as may be in the vertical straight line. 

(4) The position of the point Z), and the position of the fixed 
centre IF, must now be chosen to fulfil the two conditions of 
Article 121 ; together with the condition that the horizontal 
motion of V, to either side of the central position, must be equal 
to A , the lap phis the lead. 



rV^pei and Valve flS^^HTcSJrmwt^^^^^Bl 
If h in the height of If above the line of stroke, and ^ 
the vortitml distance of R ftVM>ve the line of Etmka when th^ Hi 
^7{ Olid DJV are on the line ZZ^ the highest portion of J 
the line of strake ib 

aiifl tht* lowt'fet |>ositioii of J when the connecting n:»d is h^iM ^ 
* the centre line is 

Th@ mew of thecie two values must h& ^ual to A, if 
Beoond condition of Article 121 is to be fuIfilliHi, that h 

Other iH]uation« nmy be formed, which, combined with ^t^L. 
Condi tionB already stated, enable the jKiaition of /> to bt; fonod 
«ilculatio!i, but the expressions become eo complioitiHl thai tiwj 
are not of much practical use. 

The most convenient way to find D, and at the same time k 
that all the conditions are satisfied, is by tht! following tentftti^ 
graphical method* First, ml out a distanco u V, equal to il , tlie 
plus the lead, on one or other side of the vertical ZZ, and m 
the line of atroke of the vaive. Then, dmw MS in the ^mxtm 
oorresponding to ^ s or 180 degrees, take any point D an th^ link 
RiS and join it to V, cutting the vertical ZZ in the point J, thut 
fixing some value of /L Then try if DJ — Dlt^ = A. After a few 
tiials a position of D will be found which doc!s satisfy this 
condition, fixing thereby the pii)per value of A and the position of 
the fixed axis W, which of course in the position of the gear usect 
to find D, is c*^incident with J, 

Then, not only does this pttsition of D satisfy tfae sicxtnd 
condition of Article 121, but it tmtisfies the other conditions aba, 
so that the fixing of D is really a crucial point in the design of 
the gear. 

(5) The point J now representa, and coincide with, the fixisd 
axis W of the path PP, Select *ime suitable value for the length 
of the valve red VY; draw a line throogb J parallel to the line of 
stroke of the valve, and from a centTL^ C Ll lH^ 11:_^ :.1 ^^lIi 
radius VY, draw an arc through W. This are is the mid-gear 
position of the path in which J slides. Or C is the mid-gear 
position of the centre of the radius link guiding J, when the gear 
is arranged as shown in Fig. 141. 

A gear set out in this way will give approximately the distribution 
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\\\mn and the leads for both strokes will be constant. What the 
lI distribution will be c^in only be found by drawing the actual 
i^ . icemcDt ciir%'es. 

fif found more convenient the link RS may be replaced by a link 
►, the point D being connected to a return crank on the main crank* 

130. Reversing by the interchange of the steam and 

lauflt pipei. The diflerence between inside and outside steiim 

Ixiiis^siim hiv^ alre-ady been explained in Articles 18 and 4S. With 

Li;side steam admission, the eccentric sheave must have an angular 

I Vance greater than 1*0 degrees; with inside admission, the angular 

must be less than 90 degrees. If the angular advance is less 

in UO degrees in the first case and the anguLir lag is greater than 

degrees in the second case the slide valve ciinnot eflect a distribution 

' ateam suitable for driving the engine. 

Suppo!se, that in an engine fitted with a slide valve of the oitlinary 

^yi*e» and arranged for outside steam admission, the steam supply is 

^mhlenly interchanged with the exhaust, that is to say, steam is 

^soiiveyed from the engine by the steam pipe and conveyed to the 

engine thmugh the exhaust pipe. What would happen ? If the angular 

adviince of the eccentric sheave were greater than f>0 tlegrees the effect 

uf the change would be to stop the engine, because after the change 

the angular advance would become an angular lag greater than 

90 degrees, so that the engine would not run. If however the angular 

lid Vance were just 90 degrees (the valve having therefore no stoain 

lap and no lead being possible) the interchange oonverta the 90 degrees 

angulaj" advance into 90 degrees angular lag. The engine would there- 

foi'e run in the opposite direction on the admission of steam through 

the exhaust pipe. In neither case however would the engine Ix* able 

to use steam expansively, and this is the price which must be [Miid for 

the convenience of the methml 

Thus, providing that the angular advance of the eccentric sheiive 
is made 90 degrees, an engine may be reversed by simply a^liuitting 
steam through the exhaust pipe and exhausting thrtiugh the ste^m 
ipe. The design of the valve must be such as will allow of this 
iinge, because wij^h inside steam adiinssion thi* pre^surt^ tends to lift 
tie valve off the face; the form of the valve must tx* modihiKl accord- 
;ly. In order U^ interchnnge the functions i>f the twu [uim^s tliey 
fiust be connected to a controlling valve, itself dv^igmHl on ***** 
inciple as a slide valve* The arrangement is diagnt' 
trateiJ in Fig. 149. The ends *»f tin* tw<j inpts-*, A At 
together in the cjising of the controlling valve, and fi 
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ports, a and 6, precisely as in the valve chest of a steam engine. 
Lying between these ports is an exhaust passage E, leading directly 
into the exhaust pipe. Steam is brought to the controlling valve 
casing through the pipe S, and a slide valve C, of the usual type, is 
placed over the ports. When the valve C is moved downwards, the 
bottom port 6, and therefore the pipe B leading to the central port 
of the cylinder, is placed in communication with the exhaust pipe £, 
whilst at the same time the pipe A is in direct communication with 
the steam in the controlling valve casing through the open port a. 




Pig. 149. Reversal by interchange op the Steam and Exhaust Pipbs. 
Diagram op Steam Connections in combination with ** hunting gear." 

With the controlling valve in this position the engine therefore runs 
with outside steam admission and turns so that the eccentric sheave 
is in front of the crank. 

Suppose now, that the controlling valve is moved up ; the pipe A 
is placed in communicixtion with the exhaust port E, and a way for the 
steam supply is opened through the port 6, and the pipe jB, into the 
inside of the slide valve V. The engine will therefore run in a 
direction where the eccentric sheave is behind the cnmk, being in fact 
reversed. Hence the engine can be reversed by merely moving the 
valve C up or down. 

131. Steam steering gear. The combination of a " hunting gear" 
with this arrangement results in a useful and convenient mechanisnu 
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a mechanism which is to be found on almost every ship, namely the 

steam steering gear. In the ordinary hand steering gear, a definite 

Bing^lar position of the rudder corresponds to a definite angular position 

of the steering wheel. The object of the steam steering gear is to 

interpose between the wheel and the rudder a motor, or mechanism, 

which will do the actual work of changing the rudder s position without 

breaking the geometrical relation between the wheel and the rudder. 

CJonsequently the man at the wheel has merely to carry out the 

steering operation as if no engine existed, with this difference however, 

that he can steer the largest ship with as much ease as he can steer the 

smallest boat, because between him and the rudder is a steam engine 

so connected up that it is obedient to the slightest turn of the wheel. 

It works whilst the wheel is being turned, it stops when the wheel 

stops, and starts only when the wheel starts to be turned. In fact it 

follows &ithfully every motion of the steering wheel, seemingly always 

on the lookout to save the muscles of the steersman. Quite a small 

steering wheel is suflBcient to steer with in this case, because all the 

work the steersman has to do is to overcome the slight friction of 

certain mechanism connected with the gear. 

The combination is shown in diagrammatic form in Fig. 149. The 
tiller chains are wound on the drum H, and this has a worm wheel 
mounted with it, the worm wheel being driven by the worm TT, which 
is connected directly or indirectly with the crank shaft of the engine 
belonging to the cylinder Z. Gearing with the wheel Hy is a small 
wheel J, which forms part of a sleeve free to rotate in the fixed 
bearing G. The spindle Q, operating the controlling valve (7, passes 
through this sleeve, engaging with'it by means of a screw thread. J is 
in fiwst a nut to the spindle Q. When the nut J is at rest, a slight 
turn of the spindle Q moves the valve up or down and starts the engine 
in one direction or the other. Immediately the engine starts, however, 
the nut J begins to rotate, and in so doing brings the valve C back 
to its central position ; and unless the spindle Q is turned at exactly the 
same rate by hand, as the nut J is turned by the engine, thus holding 
the valve C open, the engine will stop. In an actual steering gear 
the spindle Q is carried up and, by means of bevel gearing, brought 
on to the bridge in a position which allows the small steering wheel 
to be fixed in the usual fashion, namely, so that it turns about a hori- 
zontal axis. 

Figs. 150 and 151 show a half sectional plan, and half sectional 
elevation, of a steering engine made by Messrs Alley and Maclellan, 
Sentinel Works, Polmadie, Glasgow, who have kindly allowed the gear 
to be illustrated. The figures are lettered similarly with Fig. 149. In 




Fig. 151. 

Steam Steering Gear. 
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^is case the slide valve F, of the steam engine, takes the form of the 
:iiain valve of a Meyer valve gear, and the steam ports are brought out 
x> the side of the steam chest. There is apparently only one pipe 
i>etween the controlling valve and the steam chest, but this pipe is 
livided into separate passage ways corresponding to A and B of 
?ig. 149, and also contains the steam passage S and the exhaust passage 
F, the flanges for the connection of the steam and exhaust pipes 
>eing seen in the figure. The controlling valve C, Fig. 150, is made 
n the form of a piston valve. The hunfing gear is clearly shown in 
ihe figure, the valve G being connected indirectly to the spindle Q 
t;hrough a rocking lever. In this illustration the chain drum is not 
formed with the wonn wheel H but is geared to it through the pinion P, 

132. Crank angles Arom which an engine cannot be 
started. When the stop valve is opened and steam is admitted to 
the steam chest of an engine which is at rest, it does not follow that 
the engine will start. The crank may have stopped in a position 
^here the slide valve has cut ofif steam, in which case no steam can 
^et to either end of the cylinder since the valve covers both steam 
ports. Consider first the case of a single cylinder engine. Let OC, 
Fig. 152, be the crank position at cut ofif, and OA the crank position 
at admission. Whilst the crank turns through the angle GOAy the 
slide valve completely covers the steam ports and no steam can get 
into the cylinder. Hence if the engine should stop with the crank 
anywhere within the angle CO A, the mere opening of the stop valve 
will not start the engine. Further, when steam is admitted at the 
crank position 0-4, the piston cannot exert an eflFective turning moment 
on the crank shaft in the positive direction, until the crank has passed 
through the 180 degree dead point to a position OB, where the torque 
due to the pressure on the piston is just greater than the torque 
resisting motion at the crank shaft. Let M be the torque at the crank 
shaft against which the engine is required to start, F the force along 
the connecting rod due to the steam pressure, r the crank radius ; then, 
neglecting the obliquity of the connecting rod, the turning moment 
exerted by F on the crank is, Fr sin 6, and therefore at starting 

Fr sin e=^M, 

fi-ora which the value of sin 6 can be found when F and M are given. 
Hence, if the crank should happen to stop anywhere in the shaded 
angular region GOB, the engine will not start when steam is turned on. 
The same considerations apply to the other cycle, so that G^OB^ is a 
second angular region from which the crank will not start. The 
diagram therefore shows that the crank must be brought to rest 
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siiiiirwIuTi' in tin* tmshjuKMl regions, if the engine is to start lia 
tin- ^i"|) Yiilvr is iiiK'ntMl. Lirgi*. single cylindenHl, engines are proviU 
with :i liiirring ge;ir. >•> that thi* engine crank can be turned into i 
>tiirtini; jh.>i!i.i!L In >**u\v ty|H*s *if bjirring gear steam is turned idi 
thf main i-nirin*^'. JUi'l i»t<i the small engine operating the gear, simi 
tan»«'U-ly. It" tli*- rnmk is in a imn-starting p<jsition. the engine B 
ilri\in r-'unil l»y ihr Kirring engine, which usually 0}.)erates bv a rfpn 
jutu.'ii 111 ;i l.trt:* '•pur whirl ineMr|MiraiiHl with, and forming pan oC tk 
fl\>\!iTt!. 'iiril ;iT a t';i\«»urahli; cniuk |x>siti<>n the main engine begin 
r.. iiii>. ill. li.irriiii: • ni^iiu*. hut (lin*ctly this hap}H?ns the barrinf 
I i\i:i!i'- laiU ■•11! ''t' u^' ar a'it"iii;iticallv. 
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^6l these circumstances the angle 6 may be so large that the angle COB 
-^r^cieoomes greater than a right angle. If this should happen, both cranks 
^mmj come to rest within the shaded area and then the engine would 
ic^flKyi start. Fortunately, the shaded areas for the opposite direction of 
: :|niimiDg occupy different angular positions on the diagram to those 
^ shown in Fig. 152; so that if the engine is reversed, the eflfect is to bring 
!f30lie of the cranks into a starting region. This point may be illustrated 
urljy an actual example in connection with the valve diagram, Fig. 86. 
^By measurement from the diag^m the following results are obtained : — 
r Fore gear (positive rotation of crank) Crank angle 

Instroke cycle. Cutoflf 124 degrees. 

Outstroke cycle. Cut off 298 degrees. 

Back gear (negative rotation of crank) 

Instroke cycle. Cutoff — 121 degrees. 

I Outstroke cycle. Cutoff ... — 297 degrees. 

The minus sign, prefixed to the crank angles of the back gear, means, 
that the angle is to be measured out fix)m the initial line in the 
clockwise direction. 

Confining our attention at first to the fore gear positions, set out. 
Fig. 153, OG at 124 degrees with the initial line, and OC^ at 298 
degrees, both being measured out of course in the counter-clockwise 
direction. The position of UB is not easy to find. It may however be 
calculated approximately in the following way. The turning moment 
at the crank axle which must be overcome before the engine will start, 
is equal to the total train resistance, multiplied into the radius of the 
driving wheel. The total train resistance is made up of several factors. 
These are, the train resistance from rest, the engine and tender 
resistance from rest, the resistance to the gradient and sometimes 
a resistance due to a curve. Suppose the total train and engine 
resistance to be / pounds per ton. Then the starting resistance from 
this cause will be Wf pounds, W being the gross weight in tons of 
the train including engine and tender. If the incline is 1 in G, the 
resistance in pounds, due to it, is 

Trx2240 
G • 

Hence, the total resistance, neglecting the curve resistance, is equal 
to the sum of these two quantities; and if R is the radius of the driving 
wheel, the torque which has to be overcome to start the train is 

TK 18 
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If jp is the maximum steam pressure, and A the area of the cylinder 
in square inches ; F, the force along the rod, is pA lbs. The starting 
condition is then expressed by 

pAvBin = M, 
from which 



EW 



sin = - 



pAr 



By way of example suppose the total weight of engine, tender and 
train to be 350 tons, and that the average starting resistance is 15 lbs. 
per ton. Let the train be standing on a gradient of 1 in 230, and 
suppose the engine cylinders are 18 inches diameter and 24 inches 
stroke, the steam pressure being 160 lbs. per square inch. Also let the 
diameter of the driving wheels be 7 feet. Substituting these values 
in the above equation it reduces to 

sin ^ = 0-655, 
from which 5 = 40 degrees. 

©. 

Gi/r 



s,a 




CUT 



o^,c. 



Pig. 163. Non-Starting Crank Angles with two Cranks 

AT 90 DEGREES. 

In Fig. 153 OB is set out at 40 degrees below the 180 degree dead 
point position, and 05, 40 degrees above the degree dead point 
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poeition, thus marking oflf the two angular non-starting spaces COB, 
ttnd OjO-Bi, for the instroke and outstroke cycles respectively. In each 
case the angle is greater than 90 degrees and therefore the cranks may 
come to rest in a position where it is impossible to start the engine. 
The thick line represents one of these positions where the cranks have 
stopped in the outstroke cycle region. 

These non-starting areas are cross-hatched with lines sloping at 
45 degrees. 

The lines 0© and 0© represent respectively the crank positions 
for cut oflf when the engine is reversed, 0® and 0® being the 
positions of the crank where the connecting rod can exert the necessary 
starting couple. The non-starting areas corresponding to these crank 
positions are cross-hatched with vertical lines. 

It will be seen at once from this diagram that if the cranks stop 
in the position shown by the thick lines, the eflFect of reversing the 
engine is to bring the lower crank into a starting region, the upper 
crank however still remaining in a non-starting region. 

In practice the eflFect of the draw-bar springs is to modify the 
angular dimensions of the diagram in favour of easier starting. 

In compound engines, boiler steam is only admitted to the high 
pressure steam chest and if the valve happens to close the ports the 
engine cannot start. Starting valves have therefore to be fitted either 
to admit steam directly to the other cylinders or to the receivers 
between the cylinders. The steam in a receiver, for certain crank 
positions, is in communication, through the respective valves, with two 
pistons, and if acting to drive the larger, appears as a back pressure 
on the smaller. The actual eflfect is therefore that due to the receiver 
pressure, multiplied into the diflference of the areas of the two pistons 
between which the receiver lies. There is no difficulty in starting 
marine engines under these conditions, because they never have to 
start under a full load. But with locomotives the case is entirely 
diflFerent. They must start under full load, and must start promptly. 
When compound locomotives were first introduced into this country the 
starting difficulty at once forced itself to the front. 

One example may be given. Fig. 154 shows a diagrammatic section 
through the cylinders and starting valve of a Worsdell and von Borries 
two cylinder compound locomotive. The high pressure crank is supposed 
to have come to rest in such a non-starting position, that the high 
pressure slide valve covers both steam ports, but '\r onen to the exhaust 
port. Hence, when the regulator is oper cret into the 

cylinder. In these circumstance- " 
driver and steam make^ 
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steam chest of the low pressure cylinder ; and, assu ming the low press 
crank to be in a starting position, and therefore one of the steam po 
open, the steam will find its way into the cylinder and start the eng 
from the low pressure crank alone. To prevent the steam acting 
back pressure on the high pressure piston, the valve E is closed, by 1 
piston C, immediately the valve A is opened. Very soon rafter 
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Fi^. 154. DiAGRAX OF Cyuxdkis. Stkam Cox3f«cno3ra, AXD Star 
Valvk, Woksdell AXD vox BouuEs Two CixnfDKa Compoukd I 
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eugino mov^ts^ $ti^*m is ;Mimitt^ to the high pressure cylinder, 
when n^kx»^ tak^ j^ao^. the st^^Am. which at release is at a hi 
pwia^ure than the $tesuu in :he rvc>eiver |Mpe, forces open the val 
Ott il» wmy to the k>w pr^^ts^^ure cylinder, thereby poshing the pist 
^ lo IW doili^ portion U. and thus cuts off the steam U 
*» <^jrlniNkr auK^xuatktJuly. 

Itmn^HiiLiil of sttur^iajT and intetrepting valves is s 
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If it should happen that the low pressure crank stops in a non- 
starting position as well as the high pressure crank, then the engine 
must be reversed, so that one or other crank is in a starting position 
for backward running ; if the high pressure, the engine will start when 
the regulator is opened ; if the low pressure the starting valve must be 
opened as well as the regulator. 

For further remarks regarding the starting of compound locomotives, 
see an article bv the author, "The development of Compound Locomo- 
tives in England," Enpineering Magazine, Sept. and Oct., 1904. 



CHAPTER IX. 

STATICAL AND DYNAMICAL PROBLEMS IN CONNECTION 
WITH THE DESIGN OF A VALVE GEAR. 

133. The general problem. After the centre lines of a gear 
have been found so that the valve may eflfect the distribution of steam 
desired, various problems in connection with the mechanical design 
of the gear have to be solved. The firgt of these is to design the size of 
all the pins and joints so that the gear shall run cool, and the second 
is the design of the several links so that there shall be no danger of 
breakdown. Both these problems involve an estimate of the maximum 
forces which are likely to come on the joints, and the loads which the 
links have to transmit from one to the other. This estimate is 
generally based upon some calculated value of the force required to 
overcome the resistance of the steam valve to motion. Data in 
connection with slide valve friction have been cited in Chapter Ii. 
When designing the gear, the whole unbalanced surface exposed to the 
action of the steam should be multiplied into the maximum boiler 
pressure to get the force producing frictional resistance between the 
surfaces of the valves and the ports, and this should be multiplied by a 
suitable coefficient of friction to find the maximum frictional resistance 
of the valve, to be used in the design. Assuming this force to be 
known, the problem resolves itself into the determination of the loads 
on the joints of the valve gear, when the force acting along the valve 
spindle is given, and the point is specified at which the gear is driven. 

But now a complicated question looms in view. When the engine 
is working so slowly that the acceleration of the motion of the various 
links forming the gear i** a mall, tho force-s ailnij^^ at the joints of 
the links ai-e not sensibly diftV-r tiiH fn tri! th-*- '^' • ■ '■»* over€*)nnng of 
the force at the valve 8piad||^^HfeViBili< _ y ii^ is merely 

a static one and the 
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As the speed of the engine increases, the forces which must act 
on the several links to accelerate their motion increase rapidly from 
negligible amounts, to magnitudes which render it imperative to 
consider them. At high speeds, in fact, these accelerating forces are 
of paramount importance, and many breakdowns have occurred througfc 
neglecting to take them into account. The peculiarity of this problem 
is that it cannot be solved directly. A preliminary design of the gear 
must be made, based upon the forces acting due to the estimated 
valve resistance, and upon experience ; and then each link must be 
weighed, and its mass centre and moment of inertia about its mass 
centre computed, before it is possible to find the accelerating forces. 
It becomes a trial and error method. The gear automatically loads 
itself as the speed increases, and any gear which is intended to run 
at high speeds, should be examined with respect to this inertia loading 
and the design of the links modified to meet the case. In order to fix 
our ideas, consider the Joy gear shown in Fig. 140. An important 
practical problem is to find the force acting at R, the driving point of 
the valve gear, because this force loads the connecting rod with a 
transverse load. In the solution of this problem the forces at all 
the other joints are found incidentally. The problem therefore splits 
up into two separate and distinct parts, thus: — 

(1) The finding of the force at the joint R of the gear when 
the valve spindle load is given, assuming the speed to be so slow 
that the inertia loading of the gear is negligible. 

(2) The finding of the force at the joint R due to the inertia 
loading of the gear, the weight and form of each link being 
assumed. 

The actual force, corresponding to a given speed acting at any joint, is 
then the resultant of the forces due to (1) and (2), but as will be seen 
further on, the effect of the valve resistance, that is (1), can be found 
simultaneously with the determination of the inertia forces under (2). 

The problem is further complicated by the elBfect of friction at 
the joints, but, assuming proper lubrication, the disturbance produced 
on the forces due to this cause may be neglected. Since the force at 
the joint R, both in case (1) and (2) above, is in a state of continuous 
variation, the only way to deal with the problem is to find the force for 
a series of positions of the gear. Once having worked through, say 
24 ])osi lions, a matter of some perseverance, not to say tediousness, 
knowledge will have been obtained which will guide the judgment 
in subse(|uent ciises without actually analysing them in such profuse- 
ness of detail. 
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134 Oiven the crank angle d, and the force acting along 
the valve spindle, to find the force acting at the joint R of 
m Joy gear when the inertia loading is neglected. Tliis problem 
is a statical one, and imiiiirea the uae of the two following statical 
principles for its solution :^ — 

(1) If fl link carrying two joints is held in equilibrium by 
forces acting at the joints, the magnitudes oi' the res id tan ts at the 

|res|>ective joints must be equal and opposite, and they must act 
along the line joining the two joints, neglecting the effect of 
the friction of the joints. 
(2) If a link carr^4ng three joints is held in equilibrium by 
forces acting at the joints, the forces miist either be pimllel or 
must meet in a point, and in each case the resultant of the three 
forces must hi* zero. 

The method of applying theae principles ib moat easily illustrated 
by taking an example. 

Example. Find thu forces acting on the joint R of the Joy gear, 
illustrtited iii Fig> 140, for full forwanl gear, the crank angle being 9 
and the force acting at the valve spindle being Px, 

Diaw the gear in the configuration corresponding to a crank angle 
ft as in Fig, 156, and dmw the path PP in the full forward position. 
Whether the force Pi required to move the valve involves a tension or 
compression of the valve spindle, is to be found from the valve diagram, 
because the diagram shows which way tlie valve is moving for a given 
crank angle. For the value of 6 shown in the figure, the valve spindle 
is in tension, and the force Pi acts as shown at the joint K The 
problem may perhaps be made more complete as an exercise by going 
one step further and finding the forces P,, P^ at the slide bai^ and 
crank pin respectively, which balance the action of Pj. 

In consequence of the application of the force P| , and the balancing 

rice acting at R, thei-e will be the following reactions Iroro the Immc- 
ork of the engine, neglecting the effect of friction : — 
(1) The normal reaction of the slide at Y^ U^. 
(2) The normal reaction of the path PP^ at J= tT,. 
(3) The reaction of the joint f , which must have the direction 
of the Unk PS by principle (1), 

By principle (1), the resultant of P^ and V^ must be equal and opjiosite 
to the force at F, and must act along Y V. Set out Oa, Fig. 157, to 

represent P; t^t some sr;iTi drair (|^ to U^ and tth pamllel 

to YV, PUice an ai Tuv Hittiction of P|*a 
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action, and follow the direction it indicates round the triangle, in this 
way discovering the sense of ab and hO, Then the triangle shows that 
a force represented by ab acta from the joint F along the rod FF, and a 
force represented by bO acts from the slide at F, to the joint. 

Again, fix the attention on the joint V. The force acting at ^is 
necessarily accompanied by an equal and opposite force acting at V by 
principle (1). Hence cross out the arrow head on ba and place another, 
pointing in the opposite direction, to indicate the change of the foroe 




Pi^. 157. 



%10Y (iKAR ILLrSTRATED IX FiGS. 140 AND 142. FoRCK DlAGRAM. 

to ki. Tho link VJD is held at rest by forces acting at the three 
|H>intv>i r. ,/. and />. Of thest^ forces that at F is completely known, 
I hat at J is known in diiwtion. Ixnng normal to the path PP, Bv 
principle ^^2"^ thei\^ton\ the forvvs thnnigh F. J and Z> must meet in 
a |Hnut. IVhIiuv the normal at ./ to meet the direction of IT 
pi\HhKH\l. in (^: join ('; to R thus fixing the direction in which 
the fvuw at h must act. Ketuming to the fon-e diagram. Fig. 157, draw 
lie |)ArHllel to Ji\. and thrvnigh the jvnnt 6 draw cb parallel to 0,i>. 
FolK^w nmml the dirxvtion of the new arrow head on 6a, and the 
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dirt^clions in which the forces must act, frum without, on the Hnk VJU, 
%To at once shown \ 9" that ac is the force acting frmn the jmth PP tu 
Ihe joint J, and cb is the foi*ce acting at the joint l^.from the joint to 
the link i>JK 

Again, the Hnk RDS ia held in eqnilibniiui by furct^s at R, D iiml S, 
Of these, the foit;e at I) is known in magnitude and direction, heing 
represented by ftc, the arrow head being reversed as bt^fore ; the force at 
S is known in direction, being along the link SF. Therefore, ijnnlnce 
the force through D, to cut the link FS in 0,^, then 0, is the point 
through which the three forces acting on RDS must pass. Hence join 
Of to U, thus fixing the direction in which the foi'ce at R must act. 
Betuming again to the force diagram, through the point c, draw cd 
parallel to SF, and through the point b, draw db paniUel l^ RO^. Follow 
round the direction of the reversed aiTow head on 6c, thetn, cd represents 
the force acting from the link FS to the joint S, the direction of the 
arrow showing that the link is in tension for the value of taken : and 
dh shows the force acting at the joint R. For practical purposes this is 
the force of interest in the design of the gear, beaiuse, resolving it along 
and at right angles to the connecting rod. the value of the normal 
component is at once found, and it m this component which causes 
bending of the nxl. 

Forces at Q and A" are found in a similar manner, but here a point 
of interest arises in connection with the application of principle (2) to 
the connecting rod. The point at which the direction of the force 
through R, lueet^ the force Pj, is practically inaccessible. The di6Sculty 
is easily surmounted, however, by taking Q, and K^ conveniently near 
to R, so that Q,jRA\ represents the ro<i to a stnaller scale. Then the 
point Oj is found for this small scale rod, and O^K^ is the direction of 
the force through A',, But this nmst also be the direction of the force 
through K, since the mere altemtion of the scale cannot affect the 
direction of the forces. Hence a line pantllel to O^Ki drawn through K, 
gives the direction required. In the force diagram, Fig, 157, the 
triangle bde cori'esponds to these directions. 

The scale of the foix^e diagram is fiied when an actual value is 
assigned to P^ because this fixes the number of units in the line (kt of 
the diagram. The maximum value /*, is likely to assume f4U' any given 
crank angle, can generally be estimated with fair accumcy, care being 
taken to make the estimate err on the right side. Examples of the 
^ue of Pi have been cited in the case of a hx^omotive in Article 24, 

If a diagram like Fig. 157 be djiiwti for 2i jius«itT.^a M the craok th^ 
var>'ing values assumed by the diflt^rent foro 
and the maximum value found Jii each case. 
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135. GMven the speed of the crank shaft and the instui- 
aneous value of the crank angle 0, to find the fbrce at the 
Joint Ry Fig. 156y due to the inertia loading of the valve gisr. 

In solving this problem it is convenient to draw, first, a velocity diagnm 
from which the magnitude of the velocity of any point in the gear can 
be sealed oflf ; secondly, an acceleration diagram from which the aocelen- 
tion of any point in the gear can be scaled off. From these diagnuna, 
and the application of certain dynamical principles which will be 
explained in due course, the required force can be found. 

136. To draw a velocity diagram for a given mechaniim*. 

The drawing of a velocity diagram for a mechanism depends upon 
a kinematic principle concerning the motion of a rigid body in a plane, 
which may be thus stated : — 

If a link QK, Fig. 158, has motion in its own plane, and the 
velocity of any point in it, as Q, be given in direction and magnitude, 
then, the velocity of any other point K on the link is the vector sum 
of the velocity of Q, and the tangential velocity of K turning about 
a line through Q, at right angles to the plane of motion, as aids. 

Take any origin V and let the vector Vq, Fig. 159, represent the velocity 
of Q. Then, a line drawn at right angles to the line joining Q and K 
must represent the direction of the tangential velocity of K turning 
about Q as axis. Let qk indicate the velocity's magnitude and way of 
action, then Vk, the vector sum of the velocity of Q and the tangential 
velocity of K about Q, is the velocity of K, 



Fig. 158. 



Pig. 169. y 




Velocity Diagram. 



For whether the point Q is moving or is at rest, the only motion which 

* The method of drawing velocity and acceleration diagrams used in this and in the 
following articles is that given by Prof. R. H. Smith in Graphics^ pablished by Longmans, 
Oreen and Co., and originally communicated to the Royal Society of Edinbargh in 18d5. 
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^'X can have relatively to it is one at right angles to QiT, since the line 
-joining K and Q is supposed to be unalterable in length. If there is no 
'taming about Q, every point in the bar moves in a parallel path, and the 
~ tottDslational velocity impressed on Q is common to every point in the 
- body. Hence, when there is turning in addition, the velocity of K is 

compounded of the common translational velocity Vq, and the tan- 
• g^emtial velocity about Q. 

If a> is the angular velocity of QK, the magnitude of the tangential 

velocity of K about Q as axis is 

ft) X QK—qk, 
Hence ft> = -^^ , 

So that when the velocity triangle Vqk is once found, the angular 
velocity of the link can be deduced from it by the above relation, if it is 
not already known. 

There is a further property of this velocity triangle which is useful. 

If points X. X, are taken, dividing the link QK, in Fig. 158, 

and the tangential velocity qk, in Fig. 159, respectively in the 

same proportion, then Vx represents the velocity of the point X 

in magnitude and direction. 

Because, applying the previous proposition, the velocity of X is the 

vector sum of the velocity of Q and the tangential velocity of X about 

Q. That is the vector sum of Vq and « x QX, in a direction at right 

angles to QX. 

Therefore the lines representing the tangential velocities of K and 
X must be in the proportion of QX : QK. Thus, qx represents the 
tangential velocity of X about Q, and therefore Vx represents the 
velocity of X, In the application of these principles to mechanisms, 
the problem is reduced to the drawing of the velocity triangle for each 
link of a mechanism. Since each joint of a mechanism is common 
to two links, adjacent links will have a common side in their respective 
velocity triangles, and it will be found that the velocity diagram of 
a chain of links consists of a series of lines, radiating from a point, 
giving the velocities of the points of the various links, the lines joining 
the ends of these lines being the respective tiingential velocities. 

It frequently happens that of the six elements in the drawing of the 
velocity triangle of a link, four of which must be given, the magnitude 
and the direction of one side is given completely, that is the velocity of 
one point in the link is completely stated, and the directions of the 
remaining two sides are given. The direction of the tangential velocity 
is always known dire^^ ' n of the link is given, since it is 

always at i* 
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UT. Ksasple. Affthr diis to the sun|^ case of a ciank aniV- 
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^mateaoz rod. Fig. IW. to find the r^^ocitr of Q, the croeshead, tke 
▼ekcitT of K^ ihe dank pin. being sopposed given. 

Take anj pxn: V. Fig. 161^ and dnv Vk in the direction of tk 
v^E^Qchr of f . vhich will be at right angles to the crank pin. From F, 
draw Vq paialkl to the direction in which Q moves, that is parallel to 
the line ^A s:r<:4Le. The remaining ade of the triangle most be at right 
angles to the pid. Draw kq. therefore, at right angles to the connecting 
rod. thos fixing the pn-int q. Vq now refwesents the velocity of the 
cniishiead Q \o the same scale that Vk represents the velocity of the 
crank pin K. Let R be any point on the connecting rod Dinde gi 
in r so that QR : RK = qr:rk. Then Vr represents the velocity of the 



Fig. leo. 



Fig. 161. 

Velocitt Diagbax. Crakk axd Coxxecting Rod. 

point R in magnitude and direction. Since qk may be looked upon as 
a -scale drawing *A the n:«d always at right angles to the ;ictual position 
the nxl «x^cupit-s. it has been called the Telocity image of the rod. 
The line j«iining any point on the image to the pole F, represents the 
v»^lrx:ity of the conv>p<jnding point in the actual link, in magnitude and 
direction. 

138. To draw an acceleration diagram for a given 
mechanism. The drawing of this diagram depends upon a kine- 
rnatical principle regarding motion in a plane which mav be thus 
stated : — 

If a link QK, Fig. 162, has motion in its own plane, and the 
acceleration of any point AT in it be given in magnitude and 
direction, the acceleration of any other point Q is the vector sum 
of the acceleration of A", the radial acceleration of Q about K as 
axis, and the tangential acceleration of Q about K as axis. 

Thus, if the vector Ak\ A being an origin Uiken anywhere, represents 
the acceleration of the point K, then kt, representing the radial 
acceleration of Q about A", must be drawn parallel to QK, from Q 
towards K, and tq, representing the tangential acceleration of Q about 
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must be drawn at right angles to QK, Assuming the magnitudes 
Met and tq to be known, the sum of these three vectors is Aq, and this 
tibe acceleration of the point Q. 



Tig. 162. 




Acceleration Diagram. 

It will be observed that the directions of the radial and tangential 
federations are known directly the position of the link is known, 
i^ith regard to their magnitudes, the magnitude of the radial accelera- 
on is expressed by 

being the velocity of the point Q about the axis JST. This velocity 
\XL always be found from the velocity diagram; it is represented 
1 the case of Fig. 161 by the line qk. If cb is the angular acceleration 
f the link, 

the tangential acceleration of the point Q about K, In general this 
agular acceleration is unknown in magnitude, and it becomes part of 
le problem to detennine it. It will be observed, that the acceleration 

the link is determined by the drawing of a four-sided figure, so that 
lough datii must bo given to settle the value of all but two of the 
lantities concerned in the setting out of the figure. 

It is also important to notice that if the acceleration quadrilateral is 
stained, the angular acceleration of the link it corresponds to can 
ways be found from the magnitude of the tangential acceleration, 
hus, if iq represent the tangential acceleration, 

tt), the angular acceleration of the link = ^f . 

A second proposition with regard to the diagram is : — 

If points X and x are taken, dividing the link QA' and the 
whole acceleration of Q about K, namely qk, in the same ratio, 
then Ax represents the accel' -^^ ♦he point X, in magnitude 

and direction. 
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Referring to the Fig. 163, draw xti parallel to qt. Then if «> and 
0) are respectively the angular velocity and the angular acceleration 
of the link, 

the radial acceleration of X about K is, <»* KX, 
the angular acceleration of X about 11 is, a> KX. 

Therefore in the acceleration diagram the lines respectively represent- 
ing these quantities will be respectively proportional to KX, whilst the 
lines respectively representing the radial and tangential accelerations 
of Q about K will be proportional to KQ. Therefore in the diagram 
the condition must be satisfied, 

kt:kt^=^tq:tiX = KQ: KX. 

Hence x divides qk in the same ratio that X divides KQ. 

The drawing of the acceleration diagram for an ordinary four- 
bar chain well illustrates the application of the method in general, 
and in particular illustrates the construction which has to be applied 
successively to the links to find the acceleration diagram for a Joy 
gear. 

139. To draw the acceleratioii diagram of a four-bar chain 
for a giyen conflguratioii. Let B, C, D, E, Fig. 164, be a four-bar 
chain, the link DB being fixed ; and assume the crank BC to revol?e 
with unifonn angular velocity oo. 

It is first nooossj^ry to draw the velocity diagram. The velocity of the 
\M\\t C is ft)/?(\ Li^t this be represented in magnitude and direction 
by tho Yootor IV, Fig. ll)o, V being any origin. Vc is drawn at right 
auijlos to tho cmnk BC. and iti> length to scale is equal to taBC. 

Tho taui^MUirtl voKKMty of the point E, about C as axis, is in a 
diiwtion at right anglos to the link CE, and the direction of its actual 
voKHMt Y is at rikjht aiiglos to the link DE. Accordingly, complete the 
NoliHMty dii\gnuu by drawing linos o^and Vf at right angles respectively 
to tho links CE and PE. The intersection at e then defines the 
luacninido ot tho voKvity of K and its tangential velocity about C. 

Moiu^uriui; thosi^ voKvitii^ to scale the radial acceleration of E 
aUnit (' is 

., . in tho direction EC, 

and tho radial ai\vion\tion v^f A* alvnit /> is 

, ., . in rho direction ED. 

Tho aiwlonuuni liiaijnuu u\ay uv^w easily be drawn. Take anv origin 
.i. K\c li»ivaud i\nuomKr:nc tha: :ho acceleration of £*, about C»isthe 
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^ ^vector sum of the acceleration of C, the radial acceleration of E about 
^^i), and the tangential acceleration of E about (7, and also that since BC 
xevolves uniformly in a circle the acceleration of C is m^CB, in the 
-.' direction CB: — 

Set out, Fig. 166, Ac equal to to'^CB in a direction parallel 

~ to CB, to represent the acceleration of (7 : ct equal to the radial 

r acceleration of E about C, the magnitude of which has just been 

found, in a direction parallel to EC\ to, at right angles to CE, 

giving the direction of the tangential acceleration of E about 0, its 

magnitude being unknown. 



Figr. 164. 




Tig. 165. 



rig. 166. 



Four-bar Chain. Yelooitt and Acceleration Diageam& 

Again, consider that the point E belongs to the link ED, Its accelera- 
tion is the vector sum of the acceleration of D, which is zero, the radial 
acceleration of E about Z), which has just been found, and the tangential 
acceleration of E about D which is known in direction only. Starting 
from the origin A, therefore, set out Ati parallel to ED to represent the 
radial acceleration of E about 2), and t^x^ at right angles to ED, giving 
thereby the direction of the tangential acceleration of E about D. The 
intersection e of these two lines defines the respective magnitudes of 
the tangential accelerations of E »^ ^ * 5 about D, Hence 

Ae is the acceleration of th^ iation image 

of the link CE, Thus if 'nd the 

D. V. 
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image e$ in the same mtio, Aif is tiie 
acceleration of e^iy pdnt in the m( 
from the acceleration diagnun. 



140. Tto dimw ttM 

in n«a. 140 and 148, and 




9, 

ummMd te rotate wKh 

path FP iMlnt in tiM pogHton Ibr fUl 

the linear velocity of the crank pin to be one jfoot per 

It is first neoessaiy to draw the velocity diagmn. Take aajr pok Ft 
Fig. 168, and draw Vk to represent the vekwity of the cnnk pm 1^ 
Fig. 167. Draw Vq parallel to the line dP stroke, and draw % at i^ 
angles to the connecting rod KQ. Then iq is a small ooale ^wii^ i 
the rod. Take the point r in £9 so that ibr: rg — fS : J2Q. Thenfr 
represents the velocity of the point R in magaitnde and direction. 

Again, consider the link RDS. The vekwity of the point E m 
completely known, the direction of the velocity d 8 ia known, baof 
tangential to the path of 5, that is at right angks to tlie link A 
Hence in the velocity diagram. Fig. 168, draw Vm at lijght ai^;^ to A 
and r9 at right angles to the link RS, then Vn is the vdodty ditgnn 
for the link. r$ being a small scale drawing ci the Knk. Knd Ae 
point cf in it so that SDzDR^sdidr: then Vd represents the vdoci^ 
of the fx»int D. 

A^ain, consider the link DJ, The velocity of the point D is 
c*.»nipl»iolY kn*>wn. and the direction of the velocity of the point /. 
which must be tangential to the path PP, Therefore in the velodtr 
diagram, Fig. ItiS. draw Vj at right angles to CJ and dj at right 
angles x** the link DJ. then Vdj is the velocity diagnun for the link DJ. 
Produce fij to r. taking r so that dj : jv = DJ : JV. Join Fr, then Fr 
represents th»- veWity of the point F of the link 7V. 

Again, considering the valve rod VT, the velocity of the point F 
of the link is c*«mpletely known, and the direction of the velocity of T 
hence draw T'v in the velx'ity diagram parallel to the line of stroke 
of the valv»- and then draw rv at right angles to VT, thus fixing the 
velocity Vy «.f the p..»int Y of the link. 

Hence, ruliating fnun the point Tare lines F*. Vq, Vr, Vd, Ft. Vj, 
Vi\ F/ representing in magnitude and direction the velocities of the 
several pjints in th».' gear. 

The lines rjk, rs. di\ ry represent the respective velocity images of 
the links, each image being at right angles to the position oocnpied by 
the link whciSt- image it is. 
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Immediately the velocity of the crank pin is given, the scale of the 
line Vk is fixed, and the velocities of all the other points may be scaled 
off. In Fig. 168, the velocity of the crank pin is taken to be one foot 
per second. 

When drawing the diagram, a slide rule is of great assistance in 
fixing the positions of points on the images corresponding to the 
position of points on the actual rods. It should be understood that 
although qk is a scale drawing of the rod QK, and r« is a scale 
drawing of the rod RS, the scales are not the same. Every iinage 
has a scale of its own. 

During the drawing of the acceleration diagram it will be found 
that the radial accelerations of the points 

Q about K, 

S about Ry 

8 about F, 

J about D, 

J about the centre of the path PP, that is (7, 

F about V 
will be required. 

It is convenient to tabulate these quantities in the form shown 
in Table 11. 



TABLE 11. 

Radial accelerations, Joy Gear illustrated in Figs. 140 and 142. 

Dai,a obtained by measurement from the velocity diagram^ 

The velocity of the crank pin (Vk in the diagram Fig. 168) is unity. 
The radial acceleration of the crank pin = 1/1*084 = 0923 ft. per sec. 
per sec. 



D<>nif](nation of 
point and axin 



Q about K 
S about li 
S about F 
J about /) 
,/ about a 
r about V 



Vector on dia- 
gram Fig. 168 
representing 
the velocity 


Magnitude of 

velocity 

measured from 

diagram 


Badius of point. 

Feet 

(See Fig. 142) 


Badial acceler- 
ation. Feet per 
sec. per sec. 


kq 


0-735 


6-166 


0-088 


rs 


0-834 


1-66 


0-419 


Vs 


0-135 


2-33 


0-008 


rfi 


0-607 


1-713 


0-215 


Vj 


0-26C 


3-625 


0019 


".y 


0-260 


3-625 


0-018 
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The figures in the third column are obtained by measurement from 
le velocity diagram* 

The radial accelemtiona in the fifth column are calculated arith- 
ically. 

Phe work b now a succession of problems. 

(a) The acceleratwn of the crank pin K being given, to find 
the respective amelero^ons oj the points Q and R, 

(This problem often appeal^ in connection with the steam 
engine mechanism and there are several particular constructions 
which may be used for its solution.) 

Since the crank pin K, Fig. 167, revolves uniformly with a 
velocity of 1 foot per second^ its acceleration is 

-^ , in the direction KO, that is 0923 ft. per sec per sec. 

Take any origin A, Fig ltJ9. Select any convenient scale. 
Set out Ak, parallel to KO and equal to 0*923 ; 

kti, the radial acceleration of Q about A^ parallel to 

QK and equal to 0-088 ; 
^g, at right angles to QK^ because this is the direction 
of the tangential acceleration of Q about A^ 

Again, since the direction of Q s acceleration is in the line of 
stroke, set out Aq parallel to the line of stroke intersecting the 
line tiq in the point q. Aq is the acceleration of the point Q; and 
the line qk is the acceleration image of the rod QK^ 

Divide yA; in r so that 

kr:rq = KR: RQ, 
then -4r is the acceleration of the point it, 

(fc) The mcehmtimi of R being given, to find the respective 

(icceleratioiis oj the poiJits S Ufid D. 

The acceleration of R is alrea<ly represented in the diagram^ 
Fig. 169, by the vector Ar, To find the acceleration of S: — 

Set out r^p the radial acceleration of S about R, parallel to SR 
and equal to0"419(see Table 11), and then draw t^ at right angles 
to Sit, the direction of the tangential acceleration of S about R. 

Again, set out A i^^ the radial acceleration of S about F^ pandlel 

to 5jPand equal to 0008 and then draw t^ at right angles to SF, 

direction of the tangential acceleration of S about F. 

^<hen fixes the tangential aocelemtions of 

The acceleration of the point 8 
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is then represented by As, and rs is the acceleration image of the 
rod. 

Divide rarndso that 

sdidr^SD: DR, 
then Ad is the acceleration of the point D. 

(c) The acceleration of the point D being given, find Ae 
respective accelerations of the points J and V. 

The acceleration of the point D is already represented by the 
line Ad on the diagram. Therefore, set out dt^, the radial accelera- 
tion of J about D, parallel to JD and equal to 0*215 (see Table 11), 
and draw tsj at right angles to JD. 

Again, set out At^, the radial acceleration of tT" in the curved 
path PP of which C is the centre, parallel to JC and equal to 
0*019, and draw t^j at right angles to CJ, thus defining the 
point j. The acceleration of the point J is then represented by 
Aj, and dj is the image of the rod. 

Divide the image externally in v so that 
djijv^DJiJV, 
then Av is the acceleration of the point V. 

(d) Given the acceleration of the point V, find the a^cceleration 
of the point Y, 

The acceleration of the point V is represented by Av in the 
diagram. Therefore set out vt^y the radial acceleration of F about F 
parallel to YV and equal to 001 8, and draw f^y at right angles 
to YV. 

Again, the direction of F's acceleration is along the line of 
stroke of the valve spindle BB, Therefore draw Ay parallel to 
BBy thus defining the point y. 

The acceleration of the point Y is then represented by Ay, 

These four problems complete the drawing of the acceleration 
diagram. From the diagram the acceleration of every point in the 
gear may be obtained. 

The full lines form the acceleration images of the corresponding 
links of the gear. 

In order to fix the scale of the acceleration diagram to correspond 
with a given crank pin velocity it is only necessary to remember that 
whatever this velocity may be, v say, the line Ak in the acceleration 

diagram represents the acceleration j^ . Also if the velocity of the 
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crank pin is variable, the vector Ak does not represent the whole 
acceleration of the crank pin ; there is a tangential component to be 
added, in which case the acceleration of K is not in the direction KO. 
Whatever it is however, it must be given completely before the diagram 
can be constructed. 

141. To find the angular acceleration of a link ftom the 
acceleration diagram. The angular acceleration of a link is found 
by dividing the tangential acceleration of any point on the link with 
regard to any other point on the link by the distance between the 
points. 

The tangential acceleration is found, when the two points are 
specified, by locating these points on the acceleration image of the link 
and then drawing through them, lines respectively perpendicular and 
parallel to the actual link. It is of course most convenient to use the 
end centres of the links for this purpose. The line at right angles to 
the actual link represents the tangential acceleration; and the line 
parallel to the actual link represents the radial acceleration. 

Thus in Fig. 169 the tangential acceleration of the point S about 
the point R, is represented by the vector tgS, Hence the angular 
acceleration of the link RS is 

^ radians per sec. per sec. 

The sense of this acceleration is found by observing which way the 
tangential acceleration acts with regard to the centre about which it 
is computed. Thus in the link RS, t^ acts on the point S of the link 
diagram, Fig. 167, in such a direction that it tends to turn the link RS 
about the centre R in the clockwise or negative direction. 

Applying this method to the diagrams Figs. 167 and 169 it will be 
found that the tangential acceleration of 

Q about K is 0*635 and is negative, 
S about R is 054 and is negative, 
S about F is 0063 and is negative, 
J about D is 0*23 and is positive, 
F about V is 0*36 and is negative. 

Dividing these figures by the respective lengths of the links, the 
angular acceleration of each link is found, corresponding to a crank pin 
velocity of 1 foot per second. In the case where the crank pin velocity 
is changed to 30 feet per -^-•«~' »v. these numbers must be multiplied 
|jy 30» = 900 to find ^^lerations. This is further 

exemplified in 




Valrm mifi Valre Gnu* Mechnnimns 



142 Dynamical prlnclplei ftt^m wtUcli Uie accelemmi 
fbrcei acting on the links may be found wlien tlie acceleratiooi 
Are known. The forces eauHing the jicceJeration of any link "hMm 
plane miction tiiay be aiialyned inU) : — 

(1) A force, Hcting at the man centra of the Unk, m ik^ 
direction of the accelemtion of the ixmm centre, whci«e 
is eqtial to the product of the maas of the link and tfa^ aoceleniui 
of the maaa centra. 

Thus if a is the lu^^aleration of the mass oentiiB, M the 
of the link, F the accelerating force, 



F- 



ill X a = — X a 



^^m 



(2) A couple uctin^ on the link, in the plane of motion, irbii^ 
magnitude is equal to thi: product of the moment of inejtia fd iV 
link, /, about an axis through the mwm centre pc^rpendieular toi- 
plane of motion and the angular accelemtion of the link. 

Thus if $ is the angular acceleration qf thu link, L the eutpt 
producing this acceleration, 

W 



L^Is^Jdifz^ 



Having computed the force F from equation (1) and the couple 1 1 
from equation (2), the two may be combined into one force by moving f 
parallel to itself through a distance c in the plane of motion, Ihm ^i 
mass centre, c being found from 

Fc = L 
That is, c is given by 



c = j,= 



.(SI 



Thus the magnitude and the position of the aingl@ force is fw 
Tiphich is able to produce the given instantaneous acceleration of the Ml 
For example, let the link RS, Fig. 170, be supposed isolated ftoio t^ 
Joy gear, and suppose that when it formed part of the gear the aooeiefi' 
tion of the mass centre was found to be 378 ft. per sea per see., andia 
angular acceleration about the mass centre, 301 mdians per sec persfcf. 
in the negative direction. Further suppose its weight to be 35 poTioi 
and its moment of inertia about the mass centre to be 0'32. Thentfc 
magnitude of the force pi*oducing the instantaneous acceleration t» 
from (1) 

^"^2 ^378 -412 lbs. 



«] 
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And the couple producing the angular acceleration, 
L = 0-32 X 301 = 96-4 foot lbs. 
The force cF must now be moved parallel to itself through a distance 

c = LjF = 96-4/412 = 0242 foot, 
00 that its moment with regard to the mass centre is negative. 

This accelerating force is brought on to the link by forces acting 
through the joints at the ends. The accelerating force F may therefore 
be looked upon as the resultant of these two end forces. The link is 
therefore held in instantaneous equilibrium by the two forces at the 
ends and the accelerating force F, reyersed in direction. The 
problem of finding the end forces thus becomes one of pure statics. 

143. To find the moment of inertia of a link of a mechanism 
about an axis, throug^h its mass centre, perpendicular to the 
plane in which the link moves. The method depends upon the 
principle that any rod or link is d3mamically equivalent to two particles, 
nil, 7n,, concentrated at two points, distant d^ and da respectively from 
the mass centre, as indicated in Fig. 171, these distances being connected 



jrrt-HLj 




HIASS 



d. 



4 



m/^ 



Fig^. 171. Swinging a plumb-bob and a link in unison to find /b". 

with the radius of g3rration of the rod. A:, about the mass centre, by the 
relation 

did, = )fc». 

This relation is easily established from the conditions, that if the two 
particles are dynamically equivalent to the link : — 

(1) The sum of their masses must be equal to the mass of the 
link 

(2) The centre of gravity of the particles must coincide with 
the centre of gravity of the link they represent. 
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(3) The moment of ioertia of the particles about u li^l 
through the mass centre, pctpendicular to the pl&zie of me^m ( 
the Uak must \m equal to th^ motneni of mertia of tiie link i 
thf! same axis. 



f Expressed alg^hraiea]ly thei»e oonditioEis axe, M batng Ibe 

I the litik and fit} and m^ the r@9pectlve tnaeses of the pariid^, 

hm, ^rn^^M ,,,.**«^ ^.SX\ 
m^i^^^yk^^*'* ..•..--*...,4i3i 
m4f^mA^^Mi^ , 48^ 
Substituting the value of M from (1) and m^ found from (2) !£(• 
the above relation mil be obtained. 

Abo, subetittstiug the \*alae of m, from (2) m {3X 

'"'^dT+rf. -^^^ 

and similariy ^^^ d 4-c/ '" * '^^^ 

There ia no reetriction on the choice of the qiiaiititiei$ rf, and rfj « 
that there are an infinite number of two particle sj'Btems whicii ^ 
dynamically equivalent to the actual link. When either (i, or 4i >$ 
fixed, a particular two particle system is fixed. If the equi Talent twa 
paiticle system, the |sarticles being suppcist^l connected by a rod without 
mass, be allowed to oscillate about an axis through one particle. paralW 
to the given axis through the mass centre, the distance (rf, + d^) to th' 
other |iarticlc is the length of the equivalent simple pendulum. THf 
det€*rmi nation of the length of an equivalent simple pendulum thereibrt 
for the actual link determines a distance (rfj + daX ^^^d the determination 
of the i^Hnsition tif the mass centre of the link fixes the distance i 
supposing the axis about which oscillation takes place is at d^. 

The way to find an equivalent simple pendulum for the actual Uni 
is to suspend the link complete in every particular from some convenient 
axis. A knife edge [>assud through the journal at one end is usually m 
easy way of doing this. Then suspend a plumb line from the knife 
edge also, ^us indicated in Fig 171, and adjust its length until it swing* 
in unison with the rotl. \( I is the length of this plumb line, and rfj is 
the distance of the mass centre of the link (found by balancing the link 
on a knife edge), from the axis of suspension, 

d^^l — di. 

Hence k^ = dj (i - d,) = didg, 

the value of k can be computed. If W is the weight of the link, 



^^d tl 

1 
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moment of inertia about an axis, through the mass centre^ parallel 
the axis of suspension ii 

— X A*. 
9 

Mr Aspinall has had each of the links of the Joy gear illustrated 

'^Figs, 140 and 142 dealt with in this manner and the results of these 

jeriments are shown in Table 12. ConisideriDg a particular C4ise, the 

titik RS of the gear, Fig. 140, was suspended on a knife edge passed 

through the journal R. The plumb line which oscillated in unison 

rith it was 14 inches long. By balancing on a knife edge the distance 

the mass centre from the knife edge was found to be 8^ inches, 

fiHence 

d, = HJ" = 0792 foot, 

d, = 1166 - 0-792 foot = 374 foot, 

A^=- 792x0 374 = 0-296. 

The weight of the link is 35 lbs. Hence its moment of inertia 
Ni^boui an axis, through its niaaa centre, perpendicular to the plane in 
; which it moves is 

^ X 296 = 0%32 — foot' unit^. 

Notice that all the dimensions must be expressed in feet. 
The way is now clear for the complete solution of the following 
problem, 

144. Find the accelerating forces in magnitude and posltioa 
for the links of the J07 gear, Fig. 140^ when the crank pin 
has a Telocity of 30 feet per second, and the crank angle h&i 
the value 6 degrees. The given velocity corresponds with a speed of 
68 miles per hour for the engine in question, the wheels being 7' 3" 
in diameter and the stroke, 26 inches. 

Let Fig. 167 represent the configuration of the gear, then Fig* 168 
and Fig. 169 are respectively the velocity and acceleration diagrams* 
The scale attached to them is however drawn for a crank pin velocity 
of 1 foot per second 

With the present data, 

Vk% Fig. 168, now represents 30 feet per second, 

At Fig. 169, represents 307I 083 = 830 7 feet per sec per sec. 

The centre lines of the gear in the configuration determined by the 
crunk angle 8, and the parts of the acceleration diagram required for 
the present problem are re*drawn in P*^'^ 172 and the prt*jjer scale is 
attiiched to it Any 1 ^s, IfiS*. measured 



800 Tii/reii mul Valve Gear Meehanimmt 

on the soite aitadied to jl omliiptiiMi bj 900 will giTe tlie It^j 
tD<s90ttred on Ibe new scale of the dkgrmm. Fig. 173, 

Thi> work ta to be ctttiiMl fiut in the f^nawing way ; full iaslntdiiytt J 
being givan for the attke of campl^feneHi 

(a) Dmw ttie gear in the ooofiguratiao 
gjf«ici dmnk mogte 9. 

(&) Dmw the velocity diagimm mm m Fig. 168L 

(c) Comput4^ fif^om this the radml acaelemtioii of the jmm 
points icheduled in T^ble 11, 

(tf) Draw the aeoelenUioii diagmaxi as in Fig. 173. 

(«} Weigh €«ch link and enter tlie weights a« in Ibe I; 
T^le li 

(/) Calculate the masses corPEspondiag %o the weights, line t 

(f) Mark m the dmwing of the gear. Fig. 172, the pespectiw 
fsmHitmm tsi A^ mass centres of the links Jf|. if,« M^, Jf«. JTi. 

(A) Find the canespondiEig pointa wi|, m,, in,, m^, bh in iht 
Oo n mic mdiBg aceelem^oD images^ qk, rs^ dw, ry, A^^ Fig. 173. 

(f) Heasme off the aeoelerationB of the points m^, etc, aai 
mter the refiitts in line 5, Table 12. 

( j) llultipiy together corrt^fionding numbers in Uoes 6 ^d 1 
of Table 12, obi^iniQg thereby tht* several forces competent to catise 
the infftantaneous accelerations of the respective mass centres of 
the linka 

Tbeae fott^e^ have to be moved parallel to tbemseH^ea a dm- j 
tanoe c such that in the new positions their momenta about the I 
respective nia^ centres can produce the install taiieous angnl&r 
aeeeleratioDs of the links of the gear. Hence the next part of th^ 
wtf»rk is directed to the finding of c 

(k) Adjust a plumb line to swing in unison with each link, 
suypcoded in succession from a knife edge through one jounyJ. i 
Ent^r the plumb line lengths in Line 7 of the tabk. 

(/) EntcT in line 8 of t^^ tfihl^ tKf^ t^Ut^^^t^^^ nf ti^A m.^ 
centres of the several links Irom the axes about wnicb they were 
suspended. This is the dimension dj. 

(77t) Subtract the numbers of line 8 from the corresponding 
numbers in line 7, finding thus rf,, line 9. 

(n) Compute the several values of did, = 1^, line 10. 
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(o) The next step is to find the tangential acceleration s. 
The points whose tangential accelerations are required are entered 
in line 12, and the actual values of the tangential acceleralioDS 
are placed under them. These accelerations are measured from 
Fig. 169, the lengths to the scale of that figure being multiplied 
by 900. The lines in the figure representing these tangential 
accelerations are, taking them in the order of the table, 

tiq t^ Uj t^ t^. 

(p) The sign of the tangential acceleration of each link k 
entered in line 13. This is determined by observing whether the 
tangential acceleration with regard to the axis specified in line 12 
is in the counter-clockwise or clockwise direction. Thus, the 
acceleration t^s with regard to the centre r is clockwise, that »> 
negative. 

(q) Enter the respective lengths of the links measured between 
the points KQ, RS, DJ, VY and FS, in line 14. 

(r) Divide the tangential accelerations in line 12 by the' 
corresponding lengths in line 14, the quotients are the correspond- 
ing angular accelerations of the several links and these are entered 
in line 15. 

(s) Though not necessary for the problem in hand, the mag- 
nitudes of the couples necessary to produce the instantaneous 
accelerations given in line 15 are computed by multiplying cor- 
responding figures in lines 15 and 10 and 3. The products are 
entered in line 16. 

(t) Compute the respective values of — = c, from the numbers 

in lines 10, 15 and 5. These are entered in line 17. 

(u) Through the mass centre of each link Jlf^, Jtf,, etc., in 
Fig. 172, draw lines respectively parallel to Ami, Arri^, eta in the 
acceleration diagram. Fig. 173, and then parallel to these lines 
through Jl/i, if 2, etc. draw forces ^i, F^, etc. at the respective 
distances Ci, Cg, etc. given in line 17, placing each force to that side 
of the mass centre which enables it to produce a rotation of the 
sense given in lino 13, supposing the link to turn about an axis 
through its centre of mass. All the forces are shown reversed ifl 
direction in Fig. 172 for reasons given in Article 142. 

Thus the problem is completely solved. 
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Ji^ Clear. laancashire and Yorkshire Railway. 

-^ Velocity of crank pin, 30 feet per second, corresponding to a speed 
"^^68 miles per hour with T 3" driving wheels and 26" stroke. 



X — : — : 

1. Designation of link 


QK 


8R 


DV 


VY FS Valve | 


; i Weight W lbs. 


446 


35 


34 


45-25 ! 31-5 111 ' 

! ; 


w 

a Ma8B = — 

g 


13-85 


1-087 


1-055 


1-405 1 0-98 3-45 


4u Point on diagram. Fig. 
173, whose acceleration 
is to be measured 


m, 


»^ 


m. 


'»« 


m. 


5. Acceleration = a. 
Feet per sec per sec. 


715 


378 


324 


183 


42-3 


67-5 


6. Force, ^= — a, lbs. 
9 


F, 
9910 


F, 
412 


F, 
342 


257 


F, 
41-4 


F, 
233 


7. Length of plumb line. 
Feet 


5-42 
fix>mQ 


1166 
fromiZ 


1-558 
fromZ) 


2-785 
fromr 


1-885 
fromf 




H 8. Distance of c of ^vity 
of link fit>m axis = (ii. 
Feet 


418 


0-792 


1166 


1-777 


1-250 




9. rf. 


1-24 


0-374 


0-392 


1-008 


0-635 




10. dA-^k- 


518 


0-296 


0-457 


1-794 


0-794 




11. / about mass centre 


71-8 


0-32 


0-482 


2-52 


0-777 


12. Tangential acceleration 
900 times the values in 
Fig. 169. 
Feet per sec. per sec. 


Q 

about 

K 

565 


8 

about 

R 

501 


J 

about 

D 

227 


Y 

about 

V 
315 


1 

8 
about 

F 
85-5 


13. Sim of tangential ac- 
celeration 


,_ 


1 
- ' + 


_ 


_ 


14. Length of link. Feet 


6166 


1-66 1-713 


3-625 


2-33 


16. An^lar acceleration in 
radians per sec. per sec. 


91-8 


301 1325 


87 


367 


16. Magnitude of couple, L, 
in foot lbs. 


6600 


L, L, 
96-4 63-8 


L, L, 
219 285 


17. Distance, 

c= — or ^. *eet 


n ' 








0-636 
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145. Bennett's conetmction Ibr IHidtng a point in the Vm 
of action of the force prodncing the inetantanecme acceleratki 
of alinky when thedirectioneof the accelerations of two potati 
of the link are respectiTe^ given. The work of the peoediiig 
article may be shortened by using the following theorem which mm 
given to the author by Mr G. T. Bennett of Emmanuel CoUq^e, 
Cambridge. 

Theorem. If a rigid link, RS, Fig. 175, hare plane motion, and 
the direction of the acceleration of two points in the link be given, as 




Pig. 176. Bennett's Construction for finding Z, a point in the 
LINE OF Action of the resultant accelerating Force. 



li and S, then, if G is the mass centre of the link, and P is the centre 
of oscillation with respect to R, the force which produces the instantaneous 
acceleration of the link passes through a point Z found as follows:— 

PhkIucc the given directions of acceleration to meet in A and 
join GA, Through P dniw a parallel to SA cutting the line GA 
in Z, Then Z is the point required. 
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Proof. Let A:* be the radius of g3rration of the given link about an 
through its mass centre at right angles to the plane of motion. 
.JLnd let the directions of the accelerations of the two points R and S 
"fce given respectively by RA and SA. Let the maas if, of the link, be 
^apposed concentrated into a system of two particles, one of which, mi, 
is placed at S. Then it has been shown in Art. 143, that if the two 
particles are to form an equivalent dynamical system, the second particle, 
"Vii, must be placed at a point Q, whose distance from (?, represented by 6, 
is found from the relation 

where a is the distance SG. 



Also the magnitude of m^ is 
and the magnitude of 7^, is 



"" (1). 



a + 6 

aM 
a + fr 



.(2). 



Again, let R, P be two other points at which the mass M might be 
concentrated into an equivalent two particle system, R being one of the 
points whose direction of acceleration is given. Then if PG = c and 
GR^d 

cd^k*. 

Therefore ab — cd, 

from which - = — -j (3). 

Assume for the moment that the magnitudes of the accelerations of the 
points jB and S are known, and let them be respectively represented by 
/, and/i. Then, if rA =/i and sA =/,, r% is the acceleration image of 
the liii. Let q in the image, correspond with Q in the link Then qA 
is the acceleration of the point Q. This can be resolved into two 
components, qn and cp, respectively parallel to the directions of the 
accelerations, SA and RA, From this it will be seen that whatever 
be the actual magnitude of the acceleration /,, the magnitude of the 
component qn, parallel to it, is such that 

qa : sA^rq : r« = (d-6) : (a + d), 
so that ^^"^^^^ (*)• 



Refer these c article at Q and it will be 

D. V. 20 
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seen that the acceleratiiig force acting on the link is the lesoltaot rf 
three component forces, namely, 

fti,/i acting at S in the direction sA, 

m,^ acting at Q in a direction parallel to $A, 

m^ acting at Q in a direction parallel to rA. 

The next step is to find the position of the resnltant of the two 
parallel forces of this group by taking moments about the point Q. V 
X is the distance fix>m Q at which this resultant force cuts tiw 
link iJS, 

^^m,/,(a-f6) ^^^ 

wi/i + n\%qn 
Substituting the respective values of wij and wi, firom equations (1) and(2\ 
and the value of gn from equation (4), the expression reduces to 

and introducing the value of the ratio h\d fit)m equation (4) this becomes 
finally 

That is to say, the resultant of the two parallel forces passes through 
the point P, which is the centre of oscillation of the link with respect 
to R. If then, this resultant be produced to cut the direction of the 
remaining component force through Q in Z, Z is a point in the line of 
action of the force producing the instantaneous acceleration of the link. 

Again, since ah = cd, 

a : d = c : 6. 

Therefore the points (?, Z and A lie on a straight line. Hence Z may 
equally well be found by joining G \o A and drawing PZ, parallel to iSi, 
a« stated above*. 

It follows that Z may just tis well be found by drawing QZ parallel 
to RA to cut GA in Z\ so that either of the two centres of oscillation 
Q or P may be used in the construction as may be found convenient 

This Theorem may now be applied to find the position of the 
acccilerating force for each link of the Joy gear. It will be sufficient to 
exemplify the method by using it to find the point through which the 

• ThiH Theorem is also true if the sense of the acceleration of one of the points be 
reversed. For instance, if whilst the sense of the acceleration of R remains RA, that of S 
is changed to ^.V, Z is still a point in the line of action of the resnltant. 







Statical and Dynamical Problems 



307 



'^ a cce lerating force which acts on the link RS passes. For this purpose 
kklie link RS of Fig. 172, has been re-drawn in Fig. 176. With this 
^method it is only necessary to fill in the first ten lines of Table 12. 

Having drawn the acceleration diagram (not shown in the figure, 
but supposed to be drawn in a position near it) draw through the points 
JR and 8, lines respectively parallel to the directions of acceleration 
^^8, Ar, given by the acceleration diagram, Fig. 173. Mark the position 
^>f the mass centre on the link. Next mark off the point P so that 




ng. 176. Construction for finding the Position of the Resultant 
Accelerating Force in the case of the link RS, of the Joy Gear, 
Fig. 172. 

the distance RP is equal to the length of the plumb line which was 
found to swing in unison with the link. In the present example the 
distance RG is 079 foot, and the distance RP 1166 feet. Through P 
draw PZ parallel to the line SO, cutting GO in Z. Then the accelerating 
force must pass through Z. 

The direction of the accelerating force is given by the line Am^ in 
the acceleration diagram, Fig. 173, and its magnitude is given in the 
sixth line of Table 12. Hence the force producing the instantaneous 
acceleration of the link is known completely, in magnitude, direction 
and position. 

Wh^ ''^-rating forces have been marked 

20—2 



I 
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la oUi: ^xxwT^ -Silt inoiieiiL '"itaarjaus^ & ^*T?-ir -akr and the antmuai 



MS FlBd the fiww wWch iHift act at R to taJaaccOi 
■ rriliiilia^ fiKCca fiHB« la iiit. 144. The method of soiiiM 
a V. y.oasrSitr -^aci jizi fa -i-rfftr. he^BBoe ^nh IT, reTeise eiii 
ii!i9ruTnzi3^ i:r%r /* in 'izrees^in. Saii tbe resihauit ol* all the fbrai 
«mL^ It lir: JZLIL iZfi iMi a^i^j tfar prfacipies of Article 131 If 
icjt: ♦j»r>rCL -'.if tr!it» F ... F, sjsR fc adied the foree F^, lepresemnf 
^iiT ixTfr zjruvssATj %\ oT^^nsjcsft: ^fiic accefefatioii of the slide YaJre ai 
T^Tr: ^izgijz «;rp|it'j*ed •oiciriezisnseii as the point F. The necesaij 
n:n;nii>ef5 *r«r 2iT.^a in ibe la^ oji^iiiui of Table 1± 

To i^4 tear be sAiad i&e addhiooal foree reqiiiied to overcome the 
frirsijii of »h«e *i:iirr ^ve. In the present case, however, this i 
OJOi^fered V/ be zfcT»> biccaaae the olgect is to show the force at I 
dn^ Vj acc«rkrad.«j<i al^joe. 

1. OjDsder the eqoilibniim of the link TV, Fig, 172. Tk 
irjrrf::^ acting on the link are IV ^uid /*«, known completely, and (Ti 
the vertical reacti*>D at the guide of the j<Hnt T, known in diro- 
tion only, and the force throagh the jcont V altogether unknown in 
direction aiKl magnitnde. Find the resnltant, R^, of /*« and /|. 
and prodace it to cut a perpendicular to the line of stroke through f 
in P,. Join P, 1' fixing thereby the direction of the force at F. 
In Fig. 174 set out Oa = F^, ab = F^, and draw through b and 
parallels respectively to P^F and P^V in Fig. 172, thus fixing the 
point c. Then 

cO is the reaction at F, 

be is the reaction at the joint V. 

The system of forces, F^, F^, Ui, and be then hold the link Frin 
equilibrium. 

2. Consider the equilibrium of the link VJD. The link is 
kept in equilibrium by the reaction at the joint V, that is d 
(notice the reversal of the sign here), the force P,, the reaction V. 
at J, and the reaction at the joint D. Of these forces the first 
two arc completely known. Find the resultant R^ of the forces f, 
and cb. The directions of these two latter forces meet in P,. Then 
this n^Hultant, the force at D, and the reaction at J, must meet in 
a p(iint. FnxJuce R^ to meet the direction of the reaction at Pj. 
which is normal to the path of J, and join PiD, thus fixing the 
direction of the reaction at D. In Fig. 174 draw be equal to Fy 
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ad through b and c draw parallels respectively to the lines P\D 
ad P^J in Fig. 172, meeting in / Then ef is the force at the 
^int 2>, and fc ia the reaction at /, called £7j, 

3- Again, consider the equilibrium of link RS, It is kept in 

|utlibriuni by the forces/*^ actixig at D, #^a, and a force* F^ acting at 

parallel to F^ and equivalent to 32 lbs, {Fj^ multiplied by the 

ction Fic/FS), the reaction at the joint jB, and the reaction at S, 

phich must be along the line SF, The resultant of the three 

orces/e, AV» and F^ is R^, whose line of action cut« the direction of 

le reaction of the joint S in P#* Join P^ to the joint R, fijdng 

lereby the direction of the reaction of the joint R. In Fig. 174 

out eg to represent F^, gh to represent F^ and then through A 

ad Fdraw lines parallel respectively to P^S and P^^Rm Fig. 172, 

Ithus fixing the point L Then i^is the force at R whoae magnituda 

to be found. Its magnitude, measured from the diagram, is 

1025 lbs. 

that at 68 miles per hour with the motion in full forward gear, at 
instant the crank angle passes through the angle $ a force of 
525 lbs. acts on the rod at the joint R to aecelerate the motion of 
? links of the valve gear alone. 

At this speed it is very improlKibte that the motion would be in fiill 
^ard gear, but the engine would ha linked up so that the path PP 
biild be nearer the mid vertical position* This point does not make a 
laterial difference to the problem, and it has been worked out ia fiill 
[rward gear in order to take extreme conditions, 
I To find the maximum value of this force at H it would be neeeaaary 
I work out its value for a geries of valuea of the crank angle* Pmcti- 
klly the maximum value of the farce is uniinjKirtatit compared with a 
nowledge of its value when the connecting rod is in the poiiition where 
Ss inertia loading due tf> its own masa is a maximum. Bcwmuse, what- 
^er this maximum loading may be, the force at R mutft then be added 
b it. The inertia loading of the connecting rod may be* considered to 
&ach its most dangenms jxiint when the hpcJ in at right angles to the 
^ank, because then the dir^K^tion of Aceelemiiim i»f c^ach [tarticle of the 
lass of the rod is appro jti ma U«ly at right Angles to the rod, and it 
becomes loaded transversely and hai* t*> «»u»itAin bt'ndingstremwiH. When 
he rod is at right angles Uy the cranlc th** vnlutt of thif furco at R 
forks out tck 835 Ib^ in a direction nlm<Mt at right angh'M to the riKL 
^his was detenntne*! in tb«* manner Mft \ur\\\ in tlie jirt*%iirmi rert.tclt*n, 

147 To flBd the mmjdmum bvndloi momtnt en tlitt ^ 
tecUng rod, Figs. 140 and 172, dt]« t4i Iti 0wa 1^ 
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the inertia of the valve gear when the crank and the rod are it 
right angles and the speed is 68 miles per hour. It will be fonnd 
that when the crank is in the position where it is at right angles to the 
connecting rod, the radial acceleration of Q about K is negligible. Tie 
direction of the tangential acceleration of Q about K therefore practicallj 
coincides with the vector representing the acceleration of K, the crank 
pin. The velocity image is therefore a vector Ak at right angles to 
the rod. Hence the acceleration of K at right angles to the rod 
is a maximum and equal to o>'r: the acceleration of Q is practicalh 
zero and the acceleration of every other point along the rod is pro- 
jwrtional to its dist^ince from Q. In any other position of the rod 
the cinnponent acceleration at right angles to the rod results in a 
bonding moment cur^*e having a smaller maximum value, than in the 
case sissumed. 

To find the inertia loading of the rod the force required for the 
atxvloration of the motion of each particle of the rod should strictly be 
05>timi\ttHi. but to make such an estimation is impossible unless the 
woikfhi of the nxl per foot follows a definite law, in which case the 
iHjuaiion of the blinding moment curve may be found easily enough. 
In pnuMitv the weight per foot of a connecting rod is quite arbitrary. 
For pnu*tio!\l purjx^ees. however, it is quite sufficiently accurate to 
i\M\sidor the nni made up of a series of elements, and then to suppose 
thut I ho muss of oaoh olomont is concentrated i\t its mass centre. Then 
:b.o iuvolon^tion «»t" tho nuiss centre of each division is to be found, and 
:!u V. :l.o !'v»i\\ whioh must act to cause the acceleration of the divi^on 
v.o: v»f i:s mass and the acceleration «>f its mass centre. 
\i Iv v.!uiol'sT^^H^ that the accelerating forces aru bnMight vn 
h\ :':u :\\.^ t^rvvs aoting at the crank pin and the slide bar. 
vi:r%\v.!^.4: :ho Ivmlinc moment curvo the ro<l is to be thought 
:r.. > ii^ivrTtvl :r\t.:you two supj>i»rts a distance apart equal to 
V : :':u :\\: v.uasv.iwi inun tht- centre of the small end to the 
A l^-.^ V v.vi ,;:;.; .wrrvinc a system of concentrated loads, each 
:hx' :V:\\ :\-r'.'.r\\i :o aooe knito the motion of a j^^rticular 
•.";•. :\vi -.wci^i^^i in din.-o:ion. 

/v. > •.".•..s::r»:i>i ::: Fic^. 177 to 179. First a curvi- is t* 
/ , .'. ^v■v^^ .. ni::.,\:is r^jtrvs^n: thv wt-ight of the r-^l 
v,i Nx". .>v lv,>. -.s :'.u ".iv.c*'" v't' :ho r^^l. The curve plottf<i 
■. . x^v^;:'.-. : :..- l*r. .j.>:v.!\ .»::•! Y-rkshirt^ r»H.l us»d with 
i* ," .',, V x-..>; -.ss. V A'.:.-. >v.:r..'u:;: .»oci:r.*c*y for xhv puqx«st in 
V- y-.;.o- v l\ . " :>: 1::;:. ■ :; Th^ rich: sivit- oi the diagniin 
. ' . X '.;,;•.< :' : ■ . V ^ . r. .; I ni^ck s. 1 : is more con vc-nit-n t i« » 
^x *; •, .' .N \x.;\ .>.;:.:. Avi.; :":u \>^:^h: :*^ the upp^-r sidt- '"^f 
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Joy Gear illustrated in Figs. 1'' 
FOR THE Connecting Rod coBRiai 
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the curve. The weight per foot here is of courae the fiill vertical widlh 
of the diagram. 

Next divide the diagram into a series of short divisions, numbered 1 
to 20, not necessarily equal in length, but chosen so that the respectofe 
mass centres can easily be marked off. Then calculate the weight A 
each division and find its mass centre. Set out the acceleration cture 
a,ai,a for the position where the crank and the rod are at right angfei 
As just explained, the acceleration is practically zero at the small eni 
and at other points it is proportional to the distance &x>m the small end, 
and is G)*r at the crank pin. For 68 miles per hour with 7' 3" driving 
wheels and 13 inch stroke the acceleration of the crank pin is, is 
already found in the previous diagrams, 830 feet per sec. per sec HeDoe 
the acceleration may be represented by a straight line passing through 
the small end centre, and having such an inclination to the base line 
that the ordinate at the big end represents 830 on some convenientlj 
chosen scale. Then fitjm this cur\e, scale off the acceleration of the 
mass centre of each division and multiply by the mass of the di\dsioiL 
For example, the weight of di\'ision 8 is 15*4 pounds. The point » 
represents the mass centre of the di\'ision. The ordinate to the 
acceleration curve passing through m, namely Oi, Oi, measures its 
acceleration and scales 350 feet per sec. per sec. The force required 
for the acceleration of this division is therefore 

^= 350 X -3^^ = 167 lbs. 
32-2 

In the figure the forces corresponding to each division are written 
under the line passing through the mass centre of each division. 

In order to check the accuracy of the work, the resultant of all these 
forces may be found by taking moments about the big end centre as 
indicated in Table 13, and comparing it with the resultant found by the 
graphical methods already explained. From Table 13 it will be seen 
that the sum of the moments is 81512 inch lbs., and the resultant force 
is 7770 lbs. Therefore the resultant of all the forces acts at a distance 

77Y0 ~ ^^^ inches from the big end centre. 

Neglecting the distribution of the accelerating forces along the rod and 
finding the single accelerating force by the graphical methods already 
explained, the total force works out to 7728 lbs. acting at a distance of 
10 J inches from the big end centre. There is therefore a verj' good 
agreement between the two results. 

The problem now becomes the static one of drawing the bending 
moment curve corresponding to these forces, reversed in direction, and 



Statical and Dynamical Problems 313 







TABLE 


13. 


rrtia loading of the Connecting Rod of the Laneaahire ama 
Yorkshire locomotite. 


Divinon 


Force 


Moment about 
Distanee from liig end eentio 
big end eentie in inch Iba. 


1 


-9-5 


76-75 


-721 


2 





74 





3 


30-1 


70-25 


2113 


4 


57-8 


66« 


3820 


5 


52-4 


61 


3170 


6 


84-5 


55 


4650 


7 


277 


49 


13540 


8 


167 


43 


7170 


9 


199 


37 


7370 


10 


233 


31 


7220 


11 


265 


25 


6630 


12 


466 


17-75 


8270 


13 


385 


14-25 


5480 


14 


966 


11 


10626 


15 


707 


725 


5130 


16 


882 


5 


4410 


17 


806 


25 


2013 


18 


858 


-25 


- 2148 


19 


1005 


-5 


- 5025 


20 


339 


-6-5 


- 2206 




777011 


+ 91612-10100-81512 



to the force acting on the rod from the valve gear at the joint it The 
reversed accelerating forces along the rrxl, and the force from the valve 
gear act in the same ften«e, Thii* may U; done in a variety of ways, but 
the following method in the one which nfrjuin^-H Ifjuii lahtmr. 

Take OA, Fig. 178, Ut repreH<;nt the length of the nxi, centre to 
centre. Draw a line OZ at right angh^ Ut OA. fjalculate the moment 
of each force ab>ut O, netting out i\utmt moment** in onier from 
beginning with thiat <utTTim\itput\'\un Ui division 1. Th^jH^.* forces to the 
right of 0, (:oTT*tH\>fnA\un t/t diviniorw 18, 19, anrl 20, have op[xjsite 
moments alx^ut Ut the rt-ni arnl miwt U? m;i out in the opposite 
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direction along OZ to the moments of the forces on the left of 0. 
The force corresponding to division No. 1 is also to be set out np- 
wards. 

Table 13 gives the forces, their distances fix>m 0, and the corre- 
sponding moments in inch lbs. 

Thus, — 1 upwards represents 721 inch lbs. 

1 — 3 downwards represents 2113 inch lbs. 

6 — 7 downwards represents 13540 inch lbs. 

17 — 18 upwards represents 2148 inch lbs. 
finally arriving at point 20. 

Now join point 1 on OZ to the point x^, where the direction of the 
force corresponding to No. 1 division cuts OA. Join point 3 on the 
lino OZ with point ir,, where the direction of the force 3 cuts the line 
Li'i. Join point 4 on the line OZ with the point x^, where the 
diriH^tiou of the force number 4 cuts the line 3a:, and so on. Fig. 178 is 
tcH> small t-o show this, and Fig. 179 is drawn to a distorted scale in 
i>ixior to show the points referred to clearly. 

Finally, join the |K>int 20 on the line OZ with the point A. Then 
.4 a-, ...»r, ... J-,... j^o--- 20... A is the bending moment diagram required, 
ami the vortical width of this diagram at any point represents the 
iH^mliuij luoinont at the corrt^sjK>nding section of the rod. 

To t\nd the additional effect due to the component of the force iJ, 
at ri^rht ani;:los to the rvxl, the magnitude of which is 835 lbs., set 
out -0 / downwanls on the line OZ to represent the moment of 
the foivo aKnit 0. This moment is equal to 40915 inch lbs. Join 
/ to A \ pixHiuoo the line of action of the component at i? to cut 
this lino in /\\. and join A\ to the \xm\t 20. Then the triangle ^iJ,20 
is the K^ndiuij moment on the rvxl due to the component force at 
/\ alouo. l\msiH^ueutly the total IxMiding moment at any section due 
to the avvoKnuion o( the rvxl and the \*i\lve gear is given by the 
Nortioal width v^f the diajjn^m shown bv thickened lines. 

It \mU Iv found by luoasunnnent that the maximum bending 
u\on\ont on the i\h1 is aKnu 40 aHH> inch lbs., but that the section 
at Nxhiv^h the n\a\iu\um vwurs is not well definetl. All the sections 
IvtxNoon .:v cutd .:v ha\o to ivsist a Ivndinc moment of about this value. 

ri\o dosijk^n v>t' the rvni is adminiWy suited to meet this condition 
Kvause \{ is v>t* uniform s^vtion thrvniirh the divisions 8 to 11. being 
1} iuohos wule and »^ inohos dtvp. 
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The maximum stress, /, at any specified section of the rod can 
be found from the relation 



'y^rhere M is the bending moment measured from the curve just found, 
^itt a position where the modulus of the section is Z. 

At the section a?io, where the bending moment is a maximum, the 
value of Z is 

and M is 40,000 inch lbs. = 17-85 inch tons. 

17*85 
Therefore /= ^ ^ = 2*45, say 2*5 tons per square inch. 

^; There will thus be a tensile stress of this amount in the upper edge of 
flection a^^y and a compressive stress of equal amount in the lower edge 

r of the section. 

When the rod is in the lower position and at right angles to 
the crank, the bending moment curve on the rod due to its own 
mass will be exactly the same as in Fig. 178, but the bending moments 
will be of opposite sense. The effect of the valve gear at R will not be 
quite the same, but whatever its magnitude its sense will change and 
will be the same as the sense of the bending moment due to the mass of 
the rod. The bending moment curve of Fig. 178 will therefore approxi- 
mately represent the total bending moment on the rod for the lower 
position, it being understood that the sense of the moments is reversed. 
Consequently section a:,© will now have to sustain a cx)mpressive stress 
in its upper edge, and a tensile stress in the lower edge. The stress 
acting therefore alternates between a maximum tensile stress of 2*5 tons 
per square inch and a maximum compressive stress of 2*5 tons per 
square inch. The range of stress is thus 5 tons per square inch. So 
long as the range of stress is within the elastic limit of the material (15 
to 16 tons per square inch for mild steel) the rod is safe, but to have a 
factor of safety the range should not exceed 8 tons per square inch at 
the highest speed ever reached by the engine. 

When the stress due to acceleration at any point of a given section 
is known for any one speed the corresponding stress at any other speed 
can easily be computed, because these stresses vary as the squares 
of the speeds. 

Thus at 80 miles per ho»'- " ' '^Js/at x,p is found from 
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from which 

/= 3*46 tons per square inch, 

^iviiijif a nxn^v of stress of 6*92 tons per square inch. 

Tho stn'ssos due t^j the inertia loading of the rod are of course in 
addition to the stR'sses in the rod due to the transmission of force 
iH'tWi'i'U the' cn>s.shoad and cnink pin, and to the stress caused bv 
thi' untying i>f the valve against friction. 

Any othiT link o{ the valve gear may be examined in the same way, 
Iksirini^ in nnnd that the inertia loading of the link is to be computed 
for the |H)sition where it is a maximum. 

It may be jKunttnl out that if a rod is found to be weak when 
examined for the aecoleration stress, no addition is made to the 
stri'ni^ih by merely incrt»iuiing its width, because by doing this the 
iiuTiia liviul is increajk^il exactly in the same proportion as the modulus 
oi the section, ami/ nniains the same. But if the depth of the rod is 
inoivasinl althoujjh the inertia Uxuling increases in proportion to the 
ineif;uii' i»t"ilepth. the value of Z increai^t^s as the square of the depth. 

148. Unk motion. Velocity diagram. The preceding method 
may Ih' applii\l to tind the wKvity and acceleration of all points in a 
link iiK'tiou. but n^'irher the vv!ix*ity nor the acceleration diagram can 
K' dniwn dinvrly as in the Oivst- ff the J^'V ge;\r. It will be remembered 

:ha: ::\k is>>i:i- :: . :' :ho li!;k t-r a cv^n onuik anirle c;\n onlv be fo'ind 
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gles to the suspension link US, Draw therefore in the velocity 
sigram an indefinite line through the pole V at right angles to US, 
len, joining S to E and F, a triangle must be found in the velocity 
Eigram similar to ESF, placed so that its sides are at right angles to 
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tbc- eotTvffpondijig sidea of the triangle BSF, and »o that its ocn^atii 
upon the indefinite lini^B wbicb have alreadji* baen drawn m Ibf T4«t1^ 
dki^in, lliis triangle #ff/ is the velocity imag^ or the Iriaagle T^/. 

By canstructing a triangle on €» aimiW to the iriaugle ESP th 
position of P ig foiind in the image. The tnangle tnaj be fwtod bv 
the following ctmi^tJ'nction : — 

Draw any lint* €if^ nt right angles to EF and ciHislniirt a tnin^ 
#,/jji, aimilar U\ the trianglt* K*SF, Again draw anjr other line i^»ll 
tight angles to £F and construct a tnangle b^^ aJBiilar tn JSK 
Then the indefinite Una J0ining the points Bx$^. Ib Ihe locnt of tk 
apexeai of all thi^ triangli*5 ^tniikir to ESF which have the ^id jiataii 
irf their baiter on the loni of c and / Thert^fure the point », wbeft lit 
line joining «i and #« cuta the required locus of m^ ta the positioin oTtlie 
apex nf the rt^uinKl triangle. Then 

Vp 18 the velocity of the centre of th© molioQ block, 
Vs the velocity of the point of enspenaton, 
Vb the velocity of the upper end of the link, 
Vj the velocity of the tower end of the link ; 
and the velocity of any point in the gt*Jir can be found when ti* 
cotTesponding point is located in the velocity diagrum and join^ to F. 
The method need not be pursued, particularly as the objects of tbe 
oonwtniction, namely the finding ultimately of th© deceleration of tiifr ^ 
varioijH pninl.fi in order t<> obtain the forces acting on the mechanism, 
can bi^ found with sufficient accuracy for practical purposes by simpler 
approximate proceascj^. 

It may be [minted out that the velocity of the point P in the 
dijigmm is in the direction Vp, and this is drawn to a laiger scale 
in Fig. WL The centre of the motion block is, however, constrained to 
move in a direction PL It follows that the block must slide, or slip in 
thi^ link to allow this to take place. The direction in which this 
relative motion is possible is parallel to the tangent to the link at 
the point P, Hence if a line pm, Fig. 182, be drawn parallel to the 
tangtqit to the point P of the link cutting the direction of motion of 
tht^ motion block in m, Vm is the velocity of the valve spindle, and mp 
iH the vi^locity of the motion block relatively to the link, that is the 
inHtantaneous velocity of slip. 

149. Link motion. Inertia forces. The link is at any instant 
H beam HUj)ported at its ends, with a load applied at the centre of the 
moti(»n block. The design of the link therefore requires that the 
maximum blinding moment on the link should be estimated. The 
liMvd (»n thti link is made up of two parts, namely :— 
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(1) The static force required to move the valve against the 
firiction produced by the steam pressures plus the gland fric- 
tion. 

(2) The inertia loading due to the acceleration of the valve, 
valve spindle and parts up to the motion block which have the 
same motion as the valve. 

The estimation of the first part is not diflBcult when the form of 
▼alve is given. 

The second part requires the acceleration of the valve to be found. 
For all practical purposes this can be found at any instant from the 
approximate displacement equation (5), given in Article 97. This 
equation, expressed in terms of the equivalent eccentric, is 

x — p cos {6 + -^/r). 

When the crank is revolving uniformly the angle increases uniformly 
with the time, so that if o) is the angular velocity, the angle turned 
through in t seconds is wt, and hence — (ot Hence 

x = p cos {(ot + -^/r). 

Differentiating this with regard to the time, the velocity of the valve is 

v=^x = ^(op sin {(at + i/r), 
and the acceleration is 

a = ^ = — (o^p cos {oDt + i/r), 

and this is a maximum when ©i + >/r = or 180 degrees, in which case 
it is equal to w'p. If W is the weight of the valve and all the parts 
attached to it which move with the same motion, reckoned up to the 
motion block, the maximum accelerating force is 

9 ^ 
This force is a maximum for a given speed when the link motion is in 
full gear, since then, p has its maximum value. It is a minimum in 
mid-gear since then p has a minimum value. For a given speed the 
force varies as the magnitude of the radius of the equivalent eccentric p, 
and if its value be plotted on the link an estimation of the maximum 
bending moment can soon be made. 

To illustrate this consider the Great Eastern Railway link motion. 
Fig. 76. The length of the equivalent eccentric in full gear is 
about two inches. At 60 miles per hour, with driving wheels 7 feet in 
diameter, the crank shafb makes almost exactly 4 revolutions per 
second, so that et> is equal to 2512 and a>' = 632. The maximum 
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^ = T^ ~" ~ 105-3 ft- per sec per s^r. 



\i V-v ••<».•.*: v:s.-..: ^y.zA,r. r'.c. wrrirfi 200 pouDcls, the foFce required 

for :!i/:/.i:.»:r4:. '^ L? 

•TOO 

.7v^^ 1^^5*3 = 654 lbs. 
•52*2 

Th*: f'.r':*- r«r<^iiir*-*J to ov»:rr:ome ihe friction of the \"alve would be about 
•2,(1^!^) \\n.. i-^:*' Anirhr 24) vj that the total force exerted by the link 
wouM U: in ih'r n.-g-ion of 2^i50 llw. The eflfect of the inertia of the 
v;ilv«- aN«i ii> firtar-hriKrHtH i*> thus seen to be considerable at high speed 
A I'xornot.iv4r would not nin in full gear at 60 miles per hour, 
ho i.li;it, t.li«: jiUfV«- ('X.-inipK.' may be considered as exhibiting an extreme 
r;ih«-. Tli«- cti^iw-a of* torpedo boats, however, run at high s|)eeds 
in full ^t'nr, and the alx/vt* example indicates how to find the loading on 
i\u- link of rngin«-s of this type. 

160. Link motion. Inertia itreMes in the eccentric rod. 

Thr niJixirniim strrss in an eccentric rod. due to the inertia loading, 
ill a ^'w'ru sp<M(l, may 1m • found by the semi-graphical method already 
rxrniplifii'd in Article' 147 for th(» I^incashire and Yorkshire connecting 

liHJ.tln' .issiimptittn Ih'Iiii^ inadi* that the i^ul of the occontric rod moves 
ih ;i r^liMii^ht liiir \N hjcli jKissrs thnm^Hi tht^ (vntre lino of the crank axle. 
Thr iiMsr lipirsriiiiii^^ ilir wojii^ht of tlio TOil Would bo lu uiost cascs 
.smijilrr m I'orni than that shown in Fit(. 177, in tact for all practical 
|im|»i»s.^ ihr Wright ot' thr rci'rntric rod jht foot may be considered 
roip^l.ml. ami rijiial lv» I hi- niran wriu^ht of thr rod prr fi.-K>t, this mean 
NNriL;hi briiii; t-ali'iilai ril tV«>iM ihr rontral part of the stt-m of the r«^. 
l.rl :.• Uc ihr iiu-an NSriujIu jHT tool of the rod. 

/ I he K^iii^ih '\n feel, 

•• :!ir ree« '.nririty. 

.i» i'\- .i!i^:;'ar \ J • -irv. 
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"Ae acceleration of a point along the rod may be taken as proportional to 
"ihe distance of the point from the small end. Let AB, Fig. 183, be the 
Tod, and let BC represent the acceleration of the centre of the eccentric 
sirap. Then the inertia l6ad per foot, at a distance x from the small 

end, will be j- , the value of which is zero at the small end and 

gl g 

ftt the crank end. Represent this latter quantity by the symbol 7 shown 

by BD in Fig. 183. Then the problem is reduced to finding the maximum 

Talue of the bending moment for a beam supported freely at each end 




Fig. 183. Bending Moment due to Inertia Loading. 
Approximate Solution for an Eccentric Rod. 



and carrying a load varying as the distance from one support. Let this 
loading be represented by the triangle ABD, Then the whole load 

is ^, acting at the centre of gravity of the triangle ABD, which is ^ 

from the support B, The reaction at A corresponding to this is ^ . 

Consider a section EFy distant x from A, Then the bending 
moment there will be that due to the reaction at A, minus the moment 

of the area AEF. EF is equal to y', so that the load represented by 



]». ▼. 
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the an*a AEF is -^ acting at ^ from EF. Thus the bending 
moment \a 

Differentiating this and equating the result to zero, M is found to be a 
maximum when .r = 1 V3 =« 0*58/. Substituting this value of iP in the 
equation for J/, the maximum value is found to be 0*065^7 as above 

stated and the ci)rres])onding maximum stress in the section is -^. 

Consider an eccentric rod 45 feet long, centre to centre, with an 
average section 3^ inches deep and 1 inch wide. This would weigh 
about 11 poimds i>er foot run. Let the eccentric radius be 3 inches. 
Calculate the maximum stress due to the inertia loading when the 
engine runs at 80 miles per hour, the driving wheels being 7 feel 
in diameter. 

At 80 miles per hour the angular velocity is 33'5. 

Substituting these data in expression (1) above, remembering that r 
must be expressed in feet, 

^, . ^ ,. , 0065x4-5«xll x33-5«x3 
Maximum bendmg moment = ^2^9~ Tg 

= 127 foot pounds 
= 1524 inch pounds. 

Thr section is rcctant^ular and at 0'58/ from the small end is tab'ii i" 
1)0 \\\ inchrs (Iri'p and 1 inch wide. The m(xlulus of this section, 
namely, ,1 />f/'. is ajjproxiniatrly 2. Hi*nco the maximum tensile, or 
niaxiniuni cninpressivr stn'.ss due to the inertia loading is 

= ^ =z <(>21ns. ptT s(|uare inch approximately. 

This is M small Minoiint. and indicatt's that with the deep section of the 
eccentrie hmU iiMial in locomotive practict\ the inertia loading is fullv 
nrovidrd tor. In ea>t> whrn^ round e^M'ontric r«»ds an^ used, as in >«.nii»» 
tvpt> of modrrn hi^h-sprrd enirin«'s. the stress would proKibly be 
hi^ht'r heeausr \\w circular srctitMi. lh«»ui:^h well atlapted t«> act as .i 
strut. di>eN not i;i\e svj^i.'irnt lUpth in the ]»lanr of moti.-n to keep 
the inertia >tri'>s within >ma:: !'.'.:r.:< i! ■:> dianu-ttT is tixtxi s«-li-ly with 
rcLranl to \\w t'.<rcrs it :- rf.|-;:ri«i :•• :ra!>!:.i: Ivtw^^n the .-cccnrrio 
.shra\e a!\«i tlu- \a;\e 

A cer.t^rcv.iic n^i '.;..\\ . t' •* ^ 

ioaetius:" is v..*.;.*:; :..<^Vi. si\cVv :::.".*.•. 
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in the simf way. 
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greater the iiivrtia 
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151. Stresies in an eccentric rod, a connecting rod, or 
ooapling rod due to the inertia loading and an end thrust 

iKnnbined. When a rod is transmitting a load along it as a strut, the 
load being applied at the ends so that the line of action of the load 
through the centre of gravity of every section of the rod, the 
over each section is uniformly distributed, so that if A is the area 
of a particular section, and F the end load, the stress is 

F 

-J lbs. per square inch. 

If there is inertia loading also, causing a bending moment at the section 
of M inch lbs., and if Z is the modulus of the section, the maximum 
stress at the section due to the lateral inertia load is 

-y lbs. per square inch. 

Z is here assumed to be the same for both tension and compression. 

If the rod be assumed to remain perfectly straight under the action 
of the bending moments so that no deflection occurs to modify the 
condition stated above, the maximum stress at the particular section 
whose area is A and whose modulus is Z is 

F M 
/=:-j + -= lbs. per square inch (1). 




Fig. 184. Bending Moment due to Thrust. 

If however the bending of the rod is taken into account it will be seen 
from Pig. 184 that at any section X, the bending moment on the rod is 
that due to the inertia loading plus the bending moment Fy due to the 
thrust. Hence the total bending moment on any section is 

(^y + Jf), 
and the relations between the several quantities concerned are obtained 
from the well-known equation connecting deflection y and bending 
moment 

Thatis EI^ + Fy^-M (2). 

21—2 
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Bofore this equation can be solved, the bending moment due to the 
lateral loading must be expressed as a function of x, and with an; 
loading this can always be done approximately by means of a series 
which series being substituted for M enables the equation to be solvet 
by the ordinary rules for the purpose. 

Ek)uation (2) represents a particular case of the general subjec 
of struts or ties with lateral loads, a subject which has been thoroughl; 
investigated by Professor Perry*. A simple illustration may be takei 
from Professor Perry's paper. Consider a coupling rod of a locomotive 
of uniform cross section, and weighing w lbs. per foot. The inerti 
loading is given by 

lbs. per foot run, 

9 

where «» is the common angular velocity of the cranks and r the radin 

of each crank in feet^ The total inertia load is therefore, I being th 

length of the coupling rod centre to centre in feet, 



9 



-lbs. 




Pig. 18S. Bkxdixo Momkxt dck to Ixertia Loading. 



Lot :h\< v|.:.^T\:::v K^ r\ prv"5kn:<\l bv c?. The bending moment diagran 
\s A [VirAK^-,H. V\c 1^^ whv>K^^ iv.Aximum ordinate, OC^ represents th 

s * 

rho vis^::^v. v\x:>ir,-o v*.:r\t^ v^r^^^r. thrv^uc^. :he winis -4, C B is not givatl 
vV.t^Vrxr.: !r.:v. :ho iv4r^:v>.v* ourNt\ I: u.av theivforv be taken \ 
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represent the bending moment curve without introducing sensible 
Qrror» and this substitution makes the solution of equation (2) quite 

ample. Observe that the distance OB represents an angle x- in 
relation to the cosine curve, and since this distance also represents ^l, 
any distance x represents an angle jx. Hence the bending moment 
eorresponding to a; is given by 

M=0Cco8-j-= ^ COS-y. 
Substituting this in equation (2), 

The solution of this equation is 

01 TTX 

and the maximum deflection at the centre, corresponding to a; = 0, is 

§1 

8 
The greatest bending moment is therefore 




The quantity — j^ gives the buckling load of an ideal column. Call 
this P, and then the greatest bending moment is given by 

%u (»^ 

Divide numerator and denominator of the quantity in the bracket by 
il,the area of the strut, so that 

P . 

-J = p, the buckling load of the strut per square inch in the 

plane of bending ; 

F 

-J = s, the load per square inch due to the end thrust. 
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Tt,'-.. i Z nr'.zir ai.c-^'3* -.4 lit senicQ u the centre of the rod, the 
::;.&x.T- .^ A.'v* *: liir %-iirre. vbeo tbe ouipliiig rod is in its higfaeit 

SI p ^ ,,, 

tha: > ♦ d-j'r !-• the dirwn loading, and the qaantitT represeDted by the 
•^-"fi'i \^niA 'iur !-.• th»: zDaxiinuzn bending moment caused at the centre 
by th- ifi-nia i'ja^iinj^. This formala may be applied to find the 
fiiaxjujiirij ffi^^r^i at which a coupling rod may be driven when die 
riiaxjrjjuiji ^tr»r?« at the ct-ntral section is assigned Considered as t 
nWii. it '.-oiiplirjg pxi would fail sideways, the buckling load per square 
luch ;it which thi.** would happen being the highest possible value for t 
If thi.'^ valuer be a*«certained and inserted in equation (4), then a valae 

of ff fj?4n U: computed ; and since /8 = , «, the maximum angular 

vclfx:ity correspiuding with the assumed conditions, can be found. 

31 
The iiiaxiiijuin value of M in expression (1) is ~, hence, compar- 
es 

ing exjl^^H«ion (4) with expression (1), it will be seen that the only 
difference is in the factor -^ , which is multiplied into the second 

ti'ini in «*x|>n's.siun (4-). 

( 'nn.si(lrr;i coupling hkI 100 inches long, 1^ inches wide, and 4"5 inches? 
iU'i'\K Thr Wright «.f' this will he about 22*5 i)ounds per foot. Lt't the 
<r;ink radius hr 10 inches and the wheels (i' (i" diameter. Calculate the 
niaxiiMum stnss at the central section when the speed is (iO miles {kt 
hour and their is an end thrust of 1 ton per square inch, using tii>t 
e\|»re.s.si.)n (1) and then expression (4). With the dimensions gi\tn 
/ 1 /></■■■ ■ :)()ii. 

With ti feet (i inch nn heels the angular veKx.»ity of the crank shaft at 
(JO nnles prr hour is 

(o = -7*1. hence a>- = 7o4. 

\ 100 

r' \ !•' ^ ^ ''^ ^ ^"*'^* inertia loading in tons. 

<s a: :::. oc:i:re of :h^ rxi is 



llelK-, 


X 


•j-j:> \ ::u \ 10 \ 100 


Aihi '.:■ 


\l' v'v" 
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The quantity p for a strut 100 inches long and 4^ inches deep calcu- 
lated fix)m -,— is approximately 20 tons. Hence the fiswtor 

p — s 20-1 
Hence firom (1) /xnax = 1 + 3-93 tons = 493 tons 

and fix)m (2) /„„« = 1 + (3*93 x 105) tons = 5-13 tons. 

The deduction of expression (4) and the working of the example are 
sufficient to show the nature of the general problem of laterally loaded 
struts. With connecting rods, even of simple form and cross section, 
the exact expression for the inertia loading per foot is complex, and the 
resulting work in connection with the finding of y, the deflection, and 
from that an expression corresponding to (4), is tedious and hardly 
necessary for problems connected with coupling rods, connecting rods, 
and eccentric rods belonging to locomotives. For in the first place 
the end thrusts are small at high speed, and in the second place the 
deflections produced by the thrusts are small, and therefore for the 
purpose in view the maximum stress may usually be estimated by the 
simpler method of neglecting the deflection and using equation (1). A 
series of articles appeared in The Engineer*, in which the subject of 
coupling and connecting rods is exhaustively treated. 

* <* Coimeoting and Coupling Bods/' by P. H. Parr, Tfie Engineer, Vol. sot., 
January to June 1908. 




REPRESEKTATIOK OF A VALVE DISPLACEMENT CTJEYl IT 
A TBIOONOHETBIC SERIES. 

162. Fralimtnary remeirlci. Many examples have been pmi 
abuvo (if the ixpri^HLnt^tioti of a VBixe displacement cmnre lij twii Mm 
of a trigi 111 ume trie ^iriea In faet the displao^ii^ii curres of «I1 tie 
revefiing motiana are apprDximateljr repreieiitod by bh. eqQ&ticni of the 
form 

where r in the displaoemeat of the rsire from its eeniral pf»ttkm mhm 
the crank angle is 8^ ^^nd the coostAntA it and £ are fotind frcim tin 
dimensions of the gear. 

Again, the displacement of the piston from ita central poeitifli 
given by expression (1), Article 71, may, by the substitution ef 

^ for sin'p, 

be transformed Into 

1' = Acostf-^ COs2#4'Tr. 

which may be written 

Jf = ^, cos ^ + Jl, cos 2^ + ^, 

where Ai, A2 and A^ are constants calculated from the dimensions of 
the gear. 

These two examples are only special cases of Fourier's general 
theorem that any single-valued periodic function of may be re- 
presented by a trigonometric series of sines and cosines of multiple 
angles with a constant term added. 

Referring to Fig. 98, it will be seen that the actual valve displace- 
ment curve there shown in full lines, is slightly different from the 
dotted curve which is assumed to approximately represent it, and which 
may be obtained by plotting the expression 

x = A cos ^ — -B sin ^, 
where A and B have the values — 1*04 and 1*52 respectively. 
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If the expression were continued to a few more terms, say 

a; = il + -4 1 cos ^ + -4 a cos 2fl + Bi sin 5 + B, sin 25, 

tiben the agreement between the curve plotted from the expression and 
tihe actual curve would be much closer, in fact the agreement between 
the actual curve and the curve plotted from the trigonometric series 
can be made exact, provided there are a suflficient number of terms in 
the series. 

Eiach term however involves a coefficient, so that if there were 
twenty terms there would be twenty coefficients besides the constant 
term ^o* 

There are two points of view from which to consider the question. 
The first is, given a mechanism, to find a trigonometric series which vdll 
represent the displacement of any given point in the mechanism in 
terms of some variable like the crank angle, the coefficients Ay B being 
calculated from the dimensions of the mechanism. The analjrtical work 
involved in calculating only a few coefficients from the dimensions of 
the mechanism is so formidable that generally speaking only a few 
terms can be found. 

The second point of view is, given the actual displacement curve 
of a point in a mechanism, to find a trigonometric series which will 
represent the curve. This can be done for any displacement curve 
providing only that for a given value of the angle 6 there is one and 
only one value of the displacement, a condition generally fulfilled by 
mechanisms used by engineers. 

In order that the matter may be thoroughly understood, the way 
a curve may be built up by means of sines and cosines, and then the 
way a curve may be analysed into sine and cosine components will be 
explained in the next few articles. 

In the following remarks the angle 6 is expressed in radians, not in 
degrees. 

It may also be noticed that in the illustrating figures the axis of 
the independent variable d is placed vertically, instead of horizontally, 
in order that the diagrams may correspond with the general arrange- 
ment of the valve displacement diagrams. It is only necessary to give 
the book a quarter turn in the counter-clockwise direction to obtain the 
figures with the 6 axis horizontal, as in the usual mode of representation. 

The ordinates to a sine curve are denoted by the letter «, and to 
a cosine curve by the letter c. 

163. A value of the coeflBLcient B may be found so that the 
curvei BsBsintf^ will pass through a given point P, whose 
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ordiii&tei fly hBM any Talue poiitiTe or negative, and when I 
abtclua, 0, has any valae between and ir. Let f, and i^^ btj 

the c<R>rdinat4e« of the giveo point P. Sub^tttut^ these raltteekiifi 
equation and tiolre for B^ thus 

sino, 

TMi; curve which poaae^ tlm>Qgh the point «j = I'T mul 9,*|1 
sbovm in Fig. 186. 



r? — 



^B-2-4- 



Fig. 186. Sink Citbtk adjustbd to pass thhouoh owe ^tm p«i%/| 

1S4. Valuei of the coefflcienta B^ and Bj maj bt 
so that tlie otuire 

ft = B^ Bin -I- B| iln 20 

will past through any two points P^ and Pj, respectfff^l 
defined by the coordinates s^ , d^ , and b,, 0^^ where s^ and s, aaf 
have any values positive or negative and B-^ and 6^ mitj t^sM 
between and ir. For there are two unknown quantdties, R iDrit 
and by substituting the values of ^,, 6^, and b^, 8^, in the gireji eqi>Si»| 
there results a pair of aimultaneous equations from whidi J^ iBl ill 
may bti found. 

Example. 

Let fl, »= 3, ^j = 1 radian, define the point Pj, Fig. IS7, 
and *i " — 0'2, ^, = 2 radians, define i\\v point P*. 

SuWtituting these values in the ■ v^* 
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Now sin 1 = 0-8415, sin 2 = 091, and sin4 = - 0-756. 
Introdacing these values in the equations and solving for Bi and £9, 

A = 1-41, 
iB,= l-98. 
Therefore if the curve 

5 = 1-41 sin ^ + 1-98 sin 2^ (1) 

1)8 plotted, it will be found to pass through the two given points 
J^, and Pj. 






Fig. 187. Sine Curve adjusted to pass through two given 

POINTS, 7*1, Pg. 

The component curves 5= 1*41 sin and 5 = 1*98 sin 26 are shown 
in Fig. 187 by thin lines. The sum of the ordinates of these curves 
gives the thick curve represented by equation (1). 

166. Values of the coeflBLcientt B^i B, B^ may be found 

mo that the curve 

8BBiSintfi + B,sin20 + B3iin30+ + B,,sinntf 

will pass through n given points between and ir, there being 
one point and one point only corresponding to each value ofO. 

Suppose n is equal to 7, for instance. Then the introduction of the 




Fig. 188. Arbitbart Curts through rlktkh poihts. 

Consider the subject from another point of view. 

Let 0, P, P„, Wy Fig. 188, be any given curve, passing througb 

the points and ir, and suppose n points to be selected on the cmve, 
the ordinates of which divide the distance between and w into n + 1 
equal parts. Eleven points are shown in the figure. Then assuming 

the values of the coefficients B,, fi, B,» to have been found, the 

curve plotted from the equation 

« = B, sin tf + 5, sin 2d + + £» sin n^ 

will pass through the n selected points, or in other words, the graph 
of the equation coincides with the given curve at the n selected points. 
Between a pair of consecutive points however there may be a wide 
divergence between the graph of the series and the given curve, as for 
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uifitance between the points 7 and 8, where the given eurve shoots out 
laterally, and the graph of the equation is indicated by a dotted line. 

A little reflection will make it clear however, that if the number 
^f jwints, w, is indefinitely increased, the graph of the series, and the 
riven curve, will coincide throughout their whole length. 

166. To find the value of the coeflBLcientt in the series 

s s Bj sin tf + B, sin 20+ + B,, sin nO 

^^en n is increased indefinitely. The consequence of increasing n 
^^«finitely is, that the trigonometrical series contains an indefinitely 
^''^^t number of terms, and there is an indefinitely great number of 
l^ations in the simultaneous set fi'om which the coefficients have to 
^ found. 

The analytical difficulties of solving such a set of equations were 
^ercome by Fourier and a full explanation of his analysis and the 
Pplication to Heat problems, is given in his famous work Thiorie de la 
^haleur, Paris 1822, a translation of which has been made by Freeman 
^•Xid published by the Pitt Press, Cambridge, in 1878. A very clear 
'^position of the method of solution is given in Fourier's Series and 
Spherical Harmonics*, by W. E. Byerly. 

It is sufficient for our purpose to state the solution. If £m be any 
me of the n coefficients, its value is calculated fix>m 



Bm=- rf{0)8mm0.d0, 
^ J 



irhere f{0) is written for the general value of the ordinates hitherto 
epresented by 5i, «a, etc. 

Every one of the indefinitely great number of coefficients in the 
eries may be calculated from this expression by giving m in succession 

he values 1, 2, 3, n, and performing the operation indicated by the 

ntegral in each case. 

A geometrical illustration may be given of this. Suppose the value 
)f B, is to be found for the series which represents the curve OPir, 
Fig. 189. The expression for B2 is 

5,= - r f{0)%in20.d0, 
fr J 

Plot the curve OQtt from 

X = sin 20. 

Then taking a sufficiently large number of divisions between and tt, 

* Pablished by Qinn and Company, Boston, 1893. 
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;h sufficient exa€tnese. Then, briefly aumraarising the preceding 
ieles, there are two ways of finding the coefficients B^ , 5, and B,. 

One way is to select three points on the curve, and form three 
itiultaneoas equations with their coordinates in the way already 
illustfated in Art. 154, and solve for B^, B^ and jB,, 

A second way is to calculate the values by the general method, 
assuming an indefinitely large number of points on the curve. 

The values of the coefficient obtained by the first method will n€*t 
quite agree with the values obtained by the second method. 

Thus, in particular, B^ would have one value if three points were 
taken on the curve, another value if four points were taken, another 
if five points were taken, the value gradually approaching a limit as 
the number of points is indefinitely increased. If the series converges 
rapidly, B^ found from a finite number of points on a given curve will 
not differ greatly from its li mi ting value found by the general method* 

157. Cosine series. The preceding articles apply mutatiif mu- 

fdis to the cosine series, 
c = A^ -h J, cos ^ + il^cos 20 + .-,..» + Ay^ cos nd. 
As indicated by the constant term, the series holds for a mro value 
of 0. The symbol c is used to represent the ordinates of the curve, 
and ita general value may be written /(^). 

tif il,R be any one of the indefinitely great number of coefficients 
The geometrical illustration already given in Fig, 189 applies equally 
a cosine series, providing of course the cosine of the multiple angle 
,nJ is plotted instead of the sine, to find the corresponding value 
of Am* 

The integral for A^ merely represents the mean ordinate of the 
curve c=/(fl) between the limits and it. 

158. Sine and cosine series. Fmm the preoedijig articles it 
would appear that it is a matter of indifference whether a sine or a 
cosine series be chosen to represent a given curve* So long as is 
restricted to values between and tt, this inference is correct. But 
it ceases to be correct if the value of is taken through w, to values 
between w and Stt, as the curves in Fig. 1 90 show. In the case of the 
sine series, a pair of ordinates corresponding to valuer of the angle 



I^=^rf(0}co3m0.d0, 

TT J 




Flf • 190. Propbrtiks of sins and co6Iks series. 



The two i>i4ai>8 are lUustrHted in Pig. 190, where the carve Oi 
rx^\iitxmn\iK\\ bv the seriiNs 

Ih\\uui\h the thick curve R>r \*h1iu^ between r and 2t: and i 

|V4\\Hx^lVtAxl bv 

- A^ ^ Ai sx^if^A^K^^ 2tf + -h -i.co^ mff 

b<\vivu\^ «he vk>l5«^\l curve K^tween ir and ^- 

S\ij»fv>sj^^ vh*A5 nh^* 5wv^ ^'n^*:^ r^*j»fvt5ea5 di&cenc earres ber 
V^ cUkI w as dtowu ut Kt^ li^l. where 5ih? ck>C5ed ctunre is 

>i - iC^ ^ 0^ ^ ^ J^JWRa#. 
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e thin curve 

c = ilo + -^1 cos 5 + ila cos 25 4- + -4n cos n5. 

d the ordinates, obtaining thereby the thick curve, whose 
bes are 

a?! = 5i 4- Cj , a?j = 5a 4- Cj, etc. 
^suiting curve is quite arbitrary in form and is represented by 



nes 



x^ Aq^- AiCO&d-\- A^co^^d-^- 4-il„cosn5 

+ Bi sin 5 + ^2 sin 25 + + B„ sin nO. 

e series on the right is known as Fourier's Series. 

). Analysis of a curve, given on a base 2ir long, into two 
3nent curves, one capable of representation by a sine 
the other by a cosine series. Let x^. Fig. 191, be the ordinate 



ZTT-e 




Fig. 191. Properties op sine and cosine series. 
V. 22 
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corresponding to 0, and x^ the ordinate corresfwnding to 27r — ft Then, 
«i and Ci being the ordinates of the component sine and cosine curves, 

a:« = «, + c,. 
But in the sine series, for the angles and 27r — ^, «i = — «j, and for the 
cosine series, Ci = Cg. 

Hence ai = «i + Ci, 

Add 0^ + 358= 2ci. 

Subtract a?i — ar, = 2«i . 

Thus by alternately adding and subtracting pairs of ordinates of 
any given curve corresponding to angles and 27r — 0, the corresponding 
ordinates of the cosine series and the sine series are respectively founi 

160. A<yu8tment of the ezpreuions fbr the coefficient! to 
the limits and 29r. Consider the given curve shown by the 
thick line PQR, Fig. 192. Suppose the second coefficient of the sine 
series is to be found. Plot the sin 20 curve, shown dotted in the 
figure. Multiply together corresponding ordinates of the two curves, 
obtaining the resultant curve 

x=f(0)8m20, 
the area of which is shown cross-hatched. 

Then the area of the strip A0 wide, corresponding to the angle d, is 

«?i = (si + Ci) sin 20 A0. 
The area of the strip A0 wide corresponding to the angle (2^ -0)is 

a;., = (-5i + Ci)(-8in2d)Aft 
Therefore the sum of the areas of the two strips is 

2si sin 20 A0. 

And the whole shaded area between and 27r, multiplied by - is the 

TT 

value of the coefficient ^2. That is, the value of B^ is given by twice 
the mean ordinate of the shaded area. 
Symbolically 

B, = - rf(0)sm20d0, 

1 f-' 

and gouorally B,n= - l f{0) sin m0d0. 

For the second coefficient of the cosine series, 

(N, + r,)cos 2^ . Ad + ( - si + c,)cos 25. Ad = 2ciCos 20 . Atf, 
n^pivsontvs the sum of the areas of two strips, corresponding to angles 
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$ and 2ir — ^, of a curve obtained by multiplying ordinates of the given 
curve by corresponding ordinates of the cos 20 curve. 
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Fig. 192. Geometrical method of computing the true value of B^ 

WHERE THE BASE IS 2ir LONG. 

The whole area of the resultant curve multiplied by - is the value 

TT 

of the coefficient A^, That is, A^ is equal to twice the mean ordinate 
of the shaded area. In general therefore 



and also 



^m=- [ 'f{0)co9mdd0, 

'rr J 



The obvious advantage of these forms is, that a given curve need 
not be analysed into its component sine-series and cosine-series curves 
. in order to find the coefficients. 

Instruments called "Harmonic Analysers" have been devised *» 

22— i 
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measuring the values of the coefficients directly from a given curve. 
In the Harmonic Analyser invented by Prof. Henrici*, a tracing point is 
guided along the given curve, but it records twice the mean ordinate of 
the shaded area. Or put in another way, the readings give twice the mean 
ordinate of the unplotted curve /(d) sin m6 by tracing the curve x=f{S), 

A change in the mechanism of the instrument must be made for 
each change in m, and it is constructed so that the first twelve 
coefficients of the infinite series representing any arbitrary sine curve 
may be found, six of the coefficients belonging to the sine series and six 
to the cosine series f. 

There are also simplified methods of finding the coefficients from 
a selected number of points, the simplification arising fix)m the division 
of the distance to tt into equal parts. For an account of a recent 
method of this kind depending upon the division of the distance 
to 27r into 4m equal parts, see a paper by Dr S. P. Thompson in the 
Proceedings of the Physical Society of London, April 1905, entitled, 
" Note on a Rapid Approximate Method of Harmonic Analysis," and 
also Articles in the Electrician, Feb. 5, 1905. 

These finite-number-of-point methods only give values of the 
coefficients which approximate to their limiting value. 

161. Qeometrical method of computing the limiting Yalnet 

of the coeflBLcienta B^ B^, A^ A^, when the curve to be 

represented by the series is given. The multiplication of corre- 
sponding ordinates of the given curve and the sine ni0 or cosine wi^ 
curve which must be combined with it in order to obtain a curve whose 
area is proportional to the 7/ith coefficient may be avoided by using a 
method suggested by the late Prof Cliffi)rdJ and applied by Prof Peny. 

Suppose the sheet of paper on which the given curve 1, 2, 3... 12 is 
drawn, Fig. 193, to be wrapped round a cylinder whose circumference is 

equal to the length of the base 27r of the curve, so that the 

ordinates through the points and 27r coincide along the line ab of the 
cylinder. 

Consider a small area .r x pi. When the sheet is wrapped on the 
cvliiidor this area, jus will be seen from the plan of the cylinder, appear? 
in an inclined position. The area of the projection of this area on the 
vertical j)lane is 

.r X jk = ar X cji . sin = a: sin 6^6. 

* ** On a new Harmonic Analyser," PhUo*ophical Magazine, July 1894. 

t Tho instrument is made by Coradi of Zurich and one form of it is consirncted to 
that tho vahies of five pairs of coefficients may be read after once tracing the given curve. 

^ PrtH'firdings of thif Ijondon Mathematical Society, Vol. v. pp. 11 to 14. See also tn 
article by Prof. Perrj- in the Electrician, 28 June 1895. 
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Thus ibe whole prqec^ed area 1, ^, S, 12 (suitably interpreted with 

nyufi to the tertical firale)« divided by the diatance in Fig. 193 n?pfe- 
iwting IT, iJ) the value of thc^ fimt cijefficient B^. 

Due regard muB% be given to tb^ Bigns of the lcx)ps in the projected 
area- Starting from 0, conBider the elevation of the projected curre, 

Fig* 194, to be traced nat in the direction 0, 1, 2 ,12. and place 

arrow •hi*adti^ lo indicate this aa iihown. A loop of the projected area u 
til be ciimtidereti jHJtsitive when the amjw-heads on its boundary point 
nmnd in the cWkwi^ cUrection, and negative when they point round 
in the ©ciunt^r-clockwise direction. Thus in the figure, the area of the 
hop bouadtd hy the eun^e passing thn>ugh the points 0, 1, 2, 3, 4, S, 9, 
10, 11, 12, in poAttve, and the area of the snmll lc*op, bounded by the 
eurve 5, 6, 7. is negative. 

If the area i» meaaured with a plant meter, it m only nee^saiy 
to mn the tmcing pcnnt round the bonndaiy of the projected cone in 
the dirvHTtion 0, 1, 2,.,<,-, the ixiading giving finally the algebraic sum 
of all the Uniii&. 

To fiod the seix^nd coefficient, suppose the given curve to be wrapped 
twice round a cylinder whose circumference is half the length of the 
\mm of the given curve. Or what is more convenient in pmctice, 
suppose the drawing of the curve stretchetJ to double its length and 
WTnpj>ed twice round the same cylinder used for the determination of Bi. 

In genenit t" find B^, suppose the drawing stretched to m tinier 
its length and wrapped round the same cylinder used for finding fi,. 
The pnyucted cur\c wil! wind round the cylinder m times, forming 
numerous loops. But the area proportional to B^ is always given 
by guiding the tracing point of a planimeter round the boundary of the 

curve in the direction 0, 1, 2 The value of B^n is the area 

measured in this way, suitably interpreted with regard to the vertical 
scale, divided by m times the length representing ir on Fig. 193. 

To find the coefficients of the cosine series, the ordinates through 
and 27r of the given curve must coincide along the line ef, Fig. 195, 
when the drawing is wrapped round the cylinder, otherwise the process 
is carried out in precisely the same way. 

Fig. 195 shows the curve projected in order to find the second 
coefficient, A 2, in the cosine series. 

The first term of the cosine series, -4©, is simply the mean ordinate 
of the given curve. 

162. Formulae for calculating the approximate values of 
the coefficients up to third multiple angle*. For the special 
purpose of analysing a valve displacement curve of the kind belonging 

* I am indebted to Dr SilvanuB P. Thompson for the foimulae of this article. 
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to gears which give a continuous motion to the valve, it is more than 
sufficiently accurate to divide the distance from to 27r into six equal 
parts and then to find the series (which will consist of a constant term 
and six other terms) whose graph will pass through the six points where 
the ordinates corresponding to 60, 120, 180, 240, 300, and 360 degrees 
respectively cut the actual displacement curve of the valve. 

The series is a? = -4o + ^icos^-f ilsCos2^ + -4sCos3^ 
+ -Bi sin ^ + -Ba sin 20 + B^ sin 3^. 
The way to obtain these formulae is to form the series of simultaneous 
equations corresponding to the number of points, and then solve them, 
and this can be done without diflBculty. Since, however, the ordinates 
are spaced 60 degrees apart, they all of them miss the sin S6 component. 
To include this, therefore, draw an ordinate at 90 degrees and call 
its value w„. The way to calculate the coeflBcients is as follows. 

Write down the values of the ordinates in the following schedule 
and take their respective sums and dififerences as indicated : — 

•Tj •Cj X^ 

X^ iCj tTg 

Zi z^ z^ Sums of ordinates. 

di rf, dz Dififerences of ordinates. 

Then ilo = (^i + -?a + ^j)-5-6 

^i = (di-d>-2d,)-r6 

A^ = (22r, - 2^1 — iTj) -T- 6 

^ = (d2-rfi-d3)^6 
A = (di4-rf,)^3-464 
5, = (^1-^,)^ 3-464 

163. Examples of the representation of valve displacement 
onrves by a series, neglecting all terms after the third multiple 
angle. 

Example 1 . Apply the method of the previous article to find the 
series representing the displacement curve, marked ti = 4^", of the 
Stephenson Link Motion, Fig. 86. Divide the vertical distance TT into 
six equal parts. Measure the ordinates corresponding to the angles 60, 
120, 180, 240, 300, and 360 degrees and aminge them in the schedule 
form given in the previous article. Thus : — 

a:i = -l-98 x.^^-Om a:,= 103 

x,= 1-80 a:,= 080 a:« = -103. 

The sums are 2r, = — 01 8 ^a = — 01 9 z^= 0. 

The dififerences are di = -3-78 da = -l-79 d,= 206. 




BM^ed m = ^\ of Ihe 

Tie^vdiiig ^ai^ if ite 
« bB^ parallel lo %h^ axis 7T, bot moved 
t«> tke kft. a distance a^ so that aJl the oidinaies to the curve are to the 
right of the axis, and therefore are aD ot positiTe sign. The distance a 
» then Uj be subtracted from the constant t^m in the series in order 
to obtain the constant term with reference to the axis TT. The 
coefficients are not affected by the position of the axis. 

The m€asarements of six equidistant ordinates, to the curve u = 4^", 
Fig. 110, corresponding to angles 60, 120, 180, 240, 300, and 360, taken 
fix>m a line paraUel to 7*7*, but displaced 2^" to the left of it, are 
Xi = a55 dc, = l-76 j^ = 3-77 
x^ = 4 25 Xs = 3-04 x^ = 1-23. 
The sums are ^, = 4-80 ^5 = 4*80 ^ = 5-00. 

The differences are (i, = -3 70 d^ = -l'2S d, = 2-54. 

AppljTUg the formulae of the previous article, 

Ao= 2-4333 
J, = -1-25 
^2= 00666 
^, = -002 
i?,= - 1-437 
B^= 0. 
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The ordinate «», corresponding to 90 degrees, measures 0*94. Hence 

5, = -001. 
Subtracting 2*5 from ^o, to change the axis to TT, 

Ao with regard to the axis TT = 2-4333 -25 = - 00667. 
Hence the displacement, x, is given by 

a? = - 00667 - 1-25 cos + 00666 cos 20 - 002 cos 3^ 
-1-437 sin ^ -001 sin 3^. 

Example 3. The displacement curve corresponding to the simple 
valve gear in combination with a rocking shaft, shown by full lines 
in Fig. 52, is 

a? = - 0024 - 0-955 cos + 00283 cos 20 + 002 cos 3^ 
- 1075 sin ^ + 0101 sin 20 - 0037 sin 30. 

These expressions may be used to find the velocity and the acceleration 
of the valve with great accuracy. Thus, the general expression for 
the displacement is 

a? = j[o + -4icos^ + ^acos2^-f +-4nC0sn^ 

+ 5isin^ + £asin2^+ +5„sinn^. 

Differentiating with regard to the time and writing ^ = a) = the 
assumed constant angular velocity of the crank shaft, 

dis 
v = ^ = <»(— -4isin^— 2iljsin2^+ +nAnSmn0 

+ £i cos ^ + 2£jCos 20 + +n5n cos n0). 

Differentiating again to find the acceleration, 

fill 

— .=:ft)'(— ilicos^ — 4^aCos2d+ +n^AnCoan0 

at 

-5i sin ^-4^2 sin 2^ + +n»5n sin n^). 

Applying these expressions to the displacement curve in Example 1 
of the present article, 

v=s ft) (1-018 sin - 0123 sin 20 + 0035 sin 3^ 

- 1-607 cos + -058 cos 20 + 003 cos 3^), 

and the acceleration is 

o = ft)« (1-018 cos ^ - 0-247 cos 20 + 0105 cos 3^ 

+ 1-607 sin ^ - 0115 sin 20 - 009 sin 3^). 

164. Formulae for calculating the approximate values of 
tbe coeffloients up to the second multiple angle. Examples. 
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EqulTal«iit eccentric. To obtain formttlac for the oneffideiitB, k 
^i, j-^, a-t, £^^ he the uniinates correflpotidiQg i^eapactiTaly to aiigJeiofM, 
IHQ, 27Q, aiid 360 degreoa Intiodtioe tbfifle oooniioaleo soiDceHvelf m 
thtt tMjiiatiutii 

4r"J»+iiiCOfifl + A,co«2^ + ^fiin^ + B*sin25 ,(1)^ 

tilus fenoing four titmultancouH equations from which the v^nes of lli« 
tereml coefficients may be found. Since these onUoates are flpned 
90 degrecBs apart, thuy all niii^ cutting the mn 20 eompoEbeat cvrvc; To 
iQcludti thiK therefore lake nn orditiatf:^ at 45 degrees aod oaQ it^^ 

N" difticuUy will he found in solving thei^ equations, and TerifriDg 
th*.' follow iiig i.*x|jrt^HHion^ Write down the ordinates in the ioUeifmg 
Hchedule &tid taku their re^poetii^e sums and differenoee ms tndicaled 
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+ B,) 0-707 -I-*.. 



Example. Apply these expressions to find the values of the 
coefficients in the case of the displacement curve, marked u = 4^", of 
the Allan Link Motion, Fig. 110, which has already been analysed in 
Example 2 of the previous article up to the third multiple angle. 

The values of the ordinates, measured firom a base 2"5" finom 2T, 
Fig. 110, are 

a^= 0-94 a:, = 3-77 

ar,= 3-79 ar4 = l-23 

z,^ 4-73 -^, = 5-00 

d, = -2-85 d,= 2-54. 

Then ^0= 2-4325 

ill = -1-27 
A,^ 00675 
A = - 1-425 
£,= 01625. 

Subtracting 2*5 from -4©, to change the axis to TT, 

ilo with regard to the axis Tr= 2*4325 - 2*5 = - 0*675. 
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Sence 

a: = - 00675 - 127 cos + 00675 cos 20 - 1425 sin 

+ 01625 sin 2^ (2). 

When d = this reduces to a; = - 1*27, 



3tnd when = 180 it reduces to 



a:= + l-27. 



It will be noticed that the constant term Ao is equal and opposite in 
ralue to the coeflScient of cos 20. This is only the case when the valve 
Ls set so that t|ie displacements at the * dead points are equal and 
Dpposite. In the family of displacement curves belonging to a reversing 
motion there is only one curve to which this condition strictly applies. 

The axis ftx)m which valve displacements are measured in the case 
3f the curve just analysed does not coincide with the centre of oscilla- 
tion of the curve, or in fact with the centre of oscillation of any one 
3f the family to which the curve belongs. It is drawn to bisect the 
horizontal distance between the points on the mid-gear displacement 
zuTve corresponding to the dead points. If the equation of the curve 
liad been referred to an axis passing through its centre of oscillation, 
bhat is, an axis bisecting the horizontal distance between two points 
marking the ends of the maximum positive and maximum negative 
)rdinate respectively, there would have been a slight difiference in the 
s^alue of the constant term Aq, In the consideration of the displacement 
jurves of a link motion, it is more convenient to refer them all to one 
ixis than to refer each to one axis through. the centre of oscillation, 
rince each curve has a dififerent centre of oscillation. 

This displacement curve has now been analysed in three ways. In 
ihe first way two terms only of the series were obtained and the 
coefficients corresponding to them were calculated from the dimensions 
)f the gear. In the remaining two cases the actual displacement curve 
las been analysed, and four and six terms have been respectively 
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retained, and in addition there has been a constant term. It is 
instructive to compare the several values of the coefficients, bearing in 
mind the substance of Article 154. 

The series (2) written in its general form, namely, 

a?= - ^0 - ^1 cos d + ^acos 2^ - £i sin fl + Bjsin 20 (1), 

may be reduced to a form which is useful for certain purposes. 

Thus, grouping the terms together, and the 20 terms together, and 
multiplying and dividing the terms by the square root of the sum of 
the squares of their coefficients, and doing the same with the 20 terms, 
the series may be written 

x=^ - Ao-^ Picos{0 + ylt,) + p^coa(20 -yft;) (2), 

where pi = VZ7T5i«, 

^^ = tan-_^, 
t, = tan-J^ 



Fig. 196. 




Pig. 197. 



Equivalent Eccentric which includes the Second Harmonic 



This shows that the displacement, Xy is the vector sum of-i©, 
together with the projections of the equivalent eccentric p^ whose 
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liar advance 13 -^fr^, and of the equivalent eccentric p^ whose angular 
is -^^j the latter eccentric revolving twice as fast a^ the crank. 
Let OKf Fig. 196, represent the crank at the degree dead point, 
ien Oa is the position of the first equivalent eccentric, and adding the 
and t*> the end of this, ab is the corresponding position of the second 
)uivalent eccentric. Adding now In:, to represent the constant term 
'A^^ the vector Oc represents the single equivalent eccentric, whose 
ojection Od is the valve displacement, ^r, at the dead point. 
When the crank hiis turned through the angle 0, Fig. 197. the line Oa 
turned with it through the same angle, but the line ah has turned 
iirough twice the angle from its initial position. The vector be 
emains unchanged in directioUp so that the line Oc is now the single 
juivalent eccentric whose projection Od is the valve displacement corre- 
anding to the crank angle 0. Thus the single equivalent ec^^ntric is 
banging continuously both in magnitude and angular advance. 

165. Modification of the Reuleaux valve diagram to find 
e displacement, k, for a given value of the crank angle 6, 
hen the displacement is given by 

xs=-Ao-piSin(^ + Si)-/>^BiD(2^-S^ , (1), 

Mr J. Harrison has modified the Reuleaux diagram, described in 

tide 53, so that the valve displacen»ent may be fiiund approximately, 

ctly the crank angle is give n^ when the displacement curv^e hivs thi! 

ve equation, providing that the radium of the secondary equivalent 

trie py is small compared with pj. The displacement is measured 

the central position of the valve » and in these circumstances the 

nsbant A^^ assumes the approximate value 

p,sin(2S, + a,), 
will appear presently. 
Mr Harrison^s construction is as follows. 

With centre C, Fig. 198, and radius pj describe a circle, and let AAi 
the line of stroke^ Oil corresponding with the zero jKtsition of the 
crank. Set out the angle AVD below CA and equal to ^, ; the angle 
iCO equal to S^ + Sa; and make CO equal to 2p^. Draw OP at the 
given crank angle with CA. Drop a jierpendicular fkim P on to />/>,, 
Then the length of this perpendicular, namely PM, is very nearly the 
displacement, x, of the valve, corresponding with the given angle 0, 
For, denoting the small angle CPO by /3, 

PM= CP sin MCP = p, ain (Sj i-0- ^), 
d expanding the expression, 

Pif ^ /jisin(5i + 0)cmff~p,cos{S, + 0)Bm0 {2% 
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Now in the triangle COP 

CO 
CP 



8111 OPO 



Bin COP ^ 
Binff 

Htnii^ + &,-&}' 

m Ibfti pi sin — Spj sib (Si + S, — 0). Substituting this expre^ioa 1 
p^9asaL0 in (2), and wTitiag unity for €ob0, aince fi is small, 

PM = p, »m (^ + Sj) » 2p, sLd (5i + ^ - B) cm (S, 4- £>). 
Splitting th« product of the sin© and cosine into the sum of two mm, 

PAf - Pi sin (i? + S, ) - p, (sin 2Si + St) - p. sin (S, - 2&), 
or •Pif«pisin(2Si + Sa)-piSin(e + Si)-/j,s*in(2tf-8,) ($). 



.".^ 




Fig. 198. 



HaHRTSON's MODiriCATION OF THE ReULEADX DIAGRAM TO 
IKCLUDE THE SeCOND HaRMOJ^IC, 



Comparing this expression with equation (1) at the beginning of the 
article, it is apparent that - PM is equal to the displacement x, 
provided that the constant 

-4o = - /Oj sin (2S, + Sj). 

Refeqing to Fig. 198 again, it will be seen that the constant A^ is 
equal to half the perpendicular distance from to JDJD, : and since jDJ5, 
is a diameter, the maximum displacements are equal and opposite, that 
is to say, the perpendicular PM measures the displacement, x, fi-om the 
central position of the valve. 

The displacements at the dead points are unequal, hence the valve 
must have unequal laps to obtain equal leads. If the constant ^o 
is zero, the line J52>j must be replaced by a parallel line bisecting CO, 
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This would be the case for diagrams giving in a similar way the velocity 
and acceleration of the valve. 

The displacement of the piston from its central position may also 
be obtained from a diagram constructed according to the above rule, 
suitable modifications being made in the values pi, p^, Si, and S,. 
Thus, referring to Article 152, it will be seen that the displacement of 
the piston from its central position is given very nearly by 

X = iJ cos ^ — -jT cos 2tf -f ^ . 



( 

A 


) 


i / \ 


^ C 


P. \ 



Fig. 199. Diagram for Piston Displacement to include 
THE Second HARMONia 

Changing the cosines to sines, and writing n for the ratio ^, 

Z = i28in(^-90°)-^sin(2^ + 90°)+^. 
Comparing this with equation (1) of this article, it will be seen that 

R 

81 = -90°, 

s,=-9o^ 

The diagram thus takes the form shown in Fig. 199, where GA^R, 
ACD is the angle hi set out above CA because Si is negative*. 

* A diagram similar to Fig. 199 was publlsbed in Engineering, Nov. 22, 1889, by 
Mr G. A. C. Bremme. 
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The line CO makes with CA^ an angle S, + S,= - 180 degrees; and 

R 

CO is made equal to ^ . 

The crank is now supposed to revolve about the point and to vary 
continuously in length, so that when it stands at the angle with OA, 
PM, the perpendicular from P to JDJDi is the displacement. 

The point may be found at once by the geometrical method 
already used, namely, with a radius equal to the length of the connect- 
ing rod draw the arc, shown dotted, through the points D and D,, 
cutting the line of stroke in the point 0. The distance CO is equal to 

R 

2"- . as will be seen from Fig. 68, supposing ^ to be 90 degrees. 
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Fig. 200. Harrison's combination of the Reuleaux modified diagram 

WITH THE PISTON DIAGRAM TO FORM A VALVE DIAGRAM IN WHICH THE SECOND 
HARMONICS FROM BOTH THE PISTON AND THE VALVE GEAR ARK INCLUDED. 



If the two diagrams, namely Fig. 198, and Fig. 199, be superposed 
so that the point in each coincides, and the horizontal line AA^ in the 
one is parallel to the horizontal line AA^ in the other, a valve diagram 
is obtained from which the simultaneous values of the valve and piston 
displacements may be obtained. This combination of the two diagrams 
is shown in Fig. 200, where also the steam lap line S8' corresponding 
to the instroke cycle is added. 
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Summarising the two preceding rules for drawing the diagrams, the 
following is the rule for the combined diagram : — 

With centre C^ and radius K draw a circle to represent the 

crank circle. Draw AC^A^y the line of stroke. Make G^O equal 

AC 
to o"~^- Set out the angle AOC^ equal to Si + Sj, making OG^ 

equal to 2p3. With centre C, and radius p^ draw the valve circle, 
and draw the diameter DG^D^, making a negative angle Si with 
C^A. 

The crank is now supposed to revolve about the point 0, and if is the 
angle it makes with the line of stroke, PM is the valve displacement 
corresponding to the piston displacement (^M^, 

The piston displacement may be^ projected upwards, as shown, on to 
the line A^A^, the point B marking the centre of the stroke. 

The line SS^ is drawn parallel to DB^ at a distance thereftx)m equal 
to the steam lap for the instroke. 

The point of cut off, T, is thus at once obtained from the diagram. By 
adding lines parallel to DD^ corresponding with the steam lap for the 
outstroke cycle, and the two exhaust laps, all the events of the stroke 
can be found from the diagram. 

Mr Harrison points out that this diagram indicates the conditions in 
which a 2^ term in the valve curve tends to correct the irregularities of 
steam distribution due to the finite length of the connecting rod. Thus, 
from the diagram it will be apparent that, if the piston and valve circles 
were coincident, the distribution would be symmetrical in the two 
cycles, with equal laps. The conditions that the two circles may be 
coincident are 

(Si + S.) = 



and 




Or again 


(S. + 8,)=±18( 


and 





D. V. 
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with gt^ftS ^axmcy. 

\ of the linil 2Io0t7»tid to F%. 10. aiKl in the ^y 

ta ArL 19, pmgc IS. raaffc the diead points of tbe vbItc^'s 

niotioo uD xhe tdve spcndl^, whilst the engiiie b being boired muni 

Ffac tbe« potnia br amftU centre dots aad bisect the distant^ 

I m c3Mtm dot in tht* mid^pomlioiL Then, holding 
ibe ttsmmel ■^wm* tbt ff|fmill^ whibt the engine is being barred 
itifitKi sta|i the bAfriiig wheQ tht! trammd point dippe into the middle 
at the three eentiv 4x^b, The ^ngiiie ddw stands in the position whete 
thi' vaIvo i^ » xarth in th*/ Tiiu!i!l«/ . f it>; Snivel. P^^iiiiEf a trammel nf the 
kind shown at DC, Fig. 37, page 55, mark the rim of the wheel (not the 
fekce as indicated in Fig. 37) and put in a centre dot. Call this dot F. 
Assuming the crank web to be accurately machined, bar the engine 
round again until the crank stands vertical, the vertical position being 
determined by a spirit level square held against the web. Mark 
the rim of the wheel with the trammel and put in a centre dot. C5all 
this P. Then, assuming an infinitely long eccentric rod, the angle 
corresponding to the arc VP is the angle between the crank and the 
eccentric radius, since the eccentric radius and the crank radius were 
in their respective vertical positions when they passed the trammel 
point, which may be imagined always held against the wheel rim as an 
index. To find the angle corresponding to the arc PF, measure the 
circumference of the wheel by means of a thin steel tape, and then 
measure the length of the arc PV. Then 

2TrxPV 
circumference 

gives the circular measure of the angle, and this can be converted into 
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by the multiplier 57*296 or by the use of a table given in most 
books of mathematical tables. The result should be corrected for the 
obliquity of the eccentric rod, and the method of doing this will be 
clearly seen from Fig. 201. 

|Ki 







Tig, 201. Measurement of the Angular Advance. 



The figure shows the position of the eccentric radius OS when 
the valve is in the middle of its travel, the eccentric rod SE being 
taken very short in order to exaggerate the error. Let V be the 
position of the centre dot made on the rim of the wheel, or crank disc, 
when the valve is at the centre of its travel. Let OK represent 
the crank. 

Then when the crank is turned into the vertical position, that is 
to OKi, the crank shaft turns through the angle K0Ki = l3, and the 
trammel point will then mark the point P on the rim of the wheel, so 
that the arc PF divided by the radius of the wheel, measures the angle /3. 
This angle is clearly less than the angular advance by the angle a. This 
latter angle may be calculated by means of equation (5), page 116, by 
inserting the proper ratio between the eccentric radius and the eccen- 
tric rod for n, and putting/=0, obtaining thus the angle between the 
eccentric radius and the line of stroke when the valve is in its mid- 
poeition. The angle a is found by subtracting OO"" from this r 

2^- 
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l)e nearly 180 degrees wrong. Also the engine must always be turned 
in one direction. If in placing the trammel point, the mid-position is 
overshot, the engine must be barred the whole way round again in the 
same direction. If this point is not attended to the slackness in the 
joints of the gear introduces sensible error into the result. 

When the crank shaft carrjring the sheave, keyed in its proper place, 
is detached from the engine, the angular advance of the sheave may be 
measured in the way illustrated in Fig. 202. The crank shaft is to be 
supported in V blocks and the crank placed horizontally. A fine string, 
or better a piece of flat steel like the material used for steel tapes, is 
to be hung over the sheave with suitable weights attached to the free 
ends. A similar string or tape is to be placed over the crank shaft. 




Fig. 202. The Setting of an Eccentric Sheave. 

A straight edge, or strip of wood or steel, is then held near the strings 
and the lines, coincident with the strings, through the points a, c, d, 6, 
are to be marked on it. These marks record the horizontal distances 
between the strings. It will be seen at once that the point s, which 
bisects the distance ab, is vertically under the centre of the sheave r : 
and that the point k, which bisects the distance cd, is vertically under 
the centre of the shaft 0. Hence the distance sk is the horizontal 
projection of the eccentric radius, and if <^ is the angular advance 

sk^r cos ^, 
from which <f) can be found when sk and the eccentric radius are 
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By means of one fixed eccentric sheave 

224 
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